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Nanofluidics deals with the static and dynamic behavior of fluids at the nanoscale. 
Fundamental nanofluidic studies are focused on understanding whether continuum fluid 
mechanics equations hold at the nanoscale and whether there is a threshold dimension 
below which they no longer apply. Device fabrication focuses on developing integrated 
systems capable of handling attoliter (10-18 liter) or less of fluid for applications ranging 
from single molecule detection in biology to microchip cooling. 
Interest in nanofluidic increased with more widespread availability of carbon 
nanotubes (CNT), which appeared to have the ideal characteristics for this kind of 
studies. Prior to the development and commercial application of nanotube-based devices, 
the mechanisms of nanofluidic phenomena, liquid interaction and transport within the 
internal cavity of carbon nanotubes has to be better understood.  
The proposed PhD research is dedicated to the development of carbon nanotubes with 
geometry, wall structure and chemistry, and properties optimized for fluidic applications, 
as wells as understanding the liquid-carbon interactions. The results obtained will be 
applied to control the flow of fluids through nanotubes. These nanotubes will be used as 
building blocks of nanofluidic devices. 
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1 INTRODUCTION 
Nanofluidics deals with the static and dynamic behavior of fluids at the nanoscale. 
Fundamental nanofluidic studies are focused on understanding whether continuum fluid 
mechanics equations hold at the nanoscale and whether there is a threshold dimension 
below which they no longer apply. Device fabrication focuses on developing integrated 
systems capable of handling attoliter (10-18 liter) or less of fluid for applications ranging 
from single molecule detection in biology to gas sensing, to detection of analytes in the 
parts-per-billion concentration. 
Initially, nanofluidics was developed as a natural extension to microfluidic studies 
and device development, going beyond the limits of microfabrication techniques.1, 2 
Furthermore, geometrical and dimensional limitations preclude the access to sub 10 nm 
structures, where non-continuum phenomena are expected to be observed.3 
 Interest in nanofluidics increased with more widespread availability of carbon 
nanotubes, which appeared to have the ideal characteristics for this kind of studies. The 
natural scale of nanotube channels appeared to yield the possibility of bypassing the 
complexities of microfabrication and obtaining tubular structures with diameters as small 
as 1 nm. In reality, numerous obstacles inherent to the structure and synthesis process of 
carbon nanotubes have been encountered for their use as nanoscale fluid channels: The 
presence of kinks and bends, internal closures and caps or catalyst particles,4 all represent 
obstacles to the flow of fluids inside the tubes. Therefore there is a need to develop 
nanotubes with structure and properties tailored for nanofluidic studies.  
The use of nanotubes for nanoscale fluidic studies has also raised the interest in the 
nature of the interactions between the nanotube walls and the fluid molecules and effect 
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on the flow. Understanding the interactions between the fluid and the tube, or the tube’s 
wettability, will prove to be one of the fundamental aspects of nanofluidics, and an 
important step towards the development of nanofluidic devices. An example of such a 
device is shown in Figure 1.1: Sub-cellular manipulation and investigation is currently 
hindered by the structural limits of glass pipettes, which become too fragile when drawn 
down on the nanometer range. In addition, only direct manipulation of the glass pipettes 
is possible, and sensing capabilities are pretty limited.  
 
 
Figure 1.1 Schematic of a nanotube-based pipette capable of being manipulated 
remotely by magnetic field, probing sub-cellular organelles inside the cell through Au 
nanoparticles and SERS, in addition to delivering liquid to or from the target.i 
 
 
                                                 
i After G. Friedman, and Y. Gogotsi, Drexel University. 
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Carbon nanotubes can potentially overcome all these limitations. As a natural 
prolongation of a glass pipette, they have superior mechanical properties that make the 
poking of the cellular membrane possible.5 Remote manipulation of the nanotubes can be 
achieved through magnetic field, once the nanotubes are made magnetic. The current 
technology is based on filling the nanotubes with magnetic particles,6 though this can 
hinder liquid flow inside the CNT. Sensing capability may  be added to the nanotubes by 
attaching nanoparticles to the outer surface of the nanotube,7 in conjunction with Surface-
enhanced Raman spectroscopy (SERS).8 The nanoparticles, though, could interfere with 
the penetration of the cellular membrane and in some cases be toxic for the cellular 
environment. Therefore a different approach is required in both cases, and a possible one 
will be suggested in this research work.  
Probably the most important aspect, the transfer of liquid to and from the cell through 
a nanotube, is where the least advances have been made. One of the main reasons is that 
the behavior of liquids, and fluids in general, inside carbon nanotubes is not fully 
understood yet. The effect of confinement of a liquid at the nanoscale, and of the 
interactions between the nanotube walls and the flowing liquid are still not fully 
comprehended. This research work has the ambition of elucidating these important 
features, thus yielding the possibility of governing the flow of liquids through nanotubes, 
and paving the way for development of nanotube-based nanofluidic devices and systems. 
 
 
 
 
 
 4
2 LITERATURE OVERVIEW 
2.1 Carbon Nanotubes for Nanofluidics Equation Chapter 2 Section 1 
Traditionally carbon nanotubes (CNT) have been identified as single-wall nanotubes 
(SWNT). In reality, CNTs are a large family of materials with different sizes, structures, 
properties and synthesis techniques.4 SWNTs, with typical diameters in the range 0.6-1.2 
nm and comprised of a single shell, have semiconducting or metallic behavior depending 
on their chirality.9, 10 CNTs can have two (double-wall nanotubes, DWNT) or more 
concentric shells (multi-wall nanotubes, MWNT), with diameters ranging from 2 to 100 
nm and even more. Non-concentric CNTs have also been produced, having a so-called 
herringbone structure,11 with the graphitic shells placed at an angle in respect to the axis. 
Nanotubes with internal closures, dubbed ‘bamboo-like’ have also been developed.12 
Tens of synthesis techniques have been produced, from arc discharge13, 14 to 
hydrothermal synthesis15-17 and catalytic chemical vapor deposition (cCVD),18-23 most of 
them employing a metals catalyst.  
Many of the characteristics of these nanotubes do not make them suitable for 
nanofluidic applications: Curly structures (Figure 2.1a), internal closures (Figure 2.1b) or 
metal catalyst particles at one of the tubes’ ends (Figure 2.1d) can disrupt or completely 
block the flow. The size of the nanotubes can also be of concern: Although the behavior 
of liquids confined in few nanometers can be of interest from the scientific point of view, 
some applications will require the capacity of transporting or storing larger amounts of 
liquids than what can be stored in a 1 nm nanotube (Figure 2.1c). 
A different class of nanotubes is based on the concept of template-assisted synthesis 
of nanomaterials:24 Chemical vapor deposition (CVD) of carbon has been performed 
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inside the pores of commercial alumina membranes,25, 26 previously used as filters. These 
membranes initially had pores with an average diameter of 200-250 nm in the middle of 
the membrane and pore branching close to the two surfaces. With progress in membrane 
production, nanotubes with diameters as small as 10 nm have been synthesized. 
 
 
Figure 2.1 TEM micrographs of common features of catalytically grown carbon 
nanotubes: a) MWNTs produced by cCVD with a curly and irregular structure.27 b) 
“Bamboo” MWNT with internal closures.12 c) Capped MWNT hydrothermally filled with 
water and having liquid and vapor trapped inside.28 d) Tip of a MWNT hydrothermally 
grown with the metal catalyst embedded in the carbon.16 
 
 
Template-grown nanotubes have many characteristics that make them better suited 
for nanofluidic studies: Straight, long walls, with open ends and small wall thickness 
compared to the internal diameter of the bore, similar to a macroscopic pipe (Figure 2.2). 
Due to the absence of a catalyst particle and a relatively low processing temperature, the 
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nanotubes produced inside templates tend to have a disordered wall structure, leading to 
moderate mechanical and physical properties, such as  a lower electrical conductivity 
compared to cCVD nanotubes.9 
 
 
Figure 2.2 TEM images of the carbon tubes prepared by carbon deposition for 1 h: (a) 
bright-field image of the tubes prepared from the anodic oxide film with 300 nm 
channels; (b) SAD pattern from the area indicated by a circle in a; (c) brightfield image of 
the tubes from the film with 230 nm channels; (d) and (e) SAD patterns from the areas 
indicated by circles in (c).25 
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2.2 Fundamental Equations of Fluid Mechanics  
2.2.1 Fluid Mechanics at the Macro- and Micro-scale 
In continuum fluid mechanics, steady-state flow of a liquid is described by the  
Navier-Stokes equations.29 In the special case of an incompressible fluid flowing in a 
horizontal channel with circular cross-section, driven by a pressure gradient, PΔ , the 
velocity profile along the axis of the channel is derived from the Hagen-Poiseuille 
equation:29 
 
22
1
4z
PR rv
L Rμ
⎡ ⎤Δ ⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
, 2.1 
where R  and  are the radius and length of the channel, respectively, and L μ  the 
viscosity of the liquid. 
This yields the well known parabolic profile for the fluid velocity (Figure 2.3): 
 
 
Figure 2.3 Velocity profile for an incompressible fluid flowing in a circular channel, driven 
by a pressure gradient. 
 
 
The average velocity can be derived dividing the total volumetric flow by the cross-
sectional area, yielding:29 
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As can be seen in Figure 2.3, the flow velocity is zero at the wall. This boundary 
condition, generally known as “no-slip condition”,29 implies that there is a monolayer of 
molecules of the liquid flowing in the channel that stick to the channel’s wall and 
therefore have zero velocity: 
 ( ) 0zv r R= =  2.3 
 Although this condition does not correspond to the physical behavior of the liquid, 
the Hagen-Poiseuille Law describes accurately the actual macroscopic flow. It also 
implies that any physical interaction between the walls of the channel and the liquid 
molecules can be deemed negligible. 
For nanoscale flows, where the interaction between the channel’s wall and the liquid 
molecules adjacent to the wall cannot be neglected anymore, the Hagen-Poiseuille law 
has to be modified. A first approach consists in eliminating the condition that the flow 
velocity be zero at the wall (Equation 2.3). The so-called “slip condition” is the 
following:29, 30 
 ( ) zz
R
vv r R
r
λ ∂= = − ∂ , 2.4 
where λ is the slip length, is the distance into the wall at which the velocity extrapolates 
to zero. Integration of the Navier-Stokes equation with this new boundary conditions 
yields for the following velocity profile: 
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and for the average velocity: 
 
2 41
8
PRv
L Rλ
λ
μ
Δ ⎛= +⎜⎝ ⎠
⎞⎟  2.6 
 Comparing the average velocities for the no-slip and slip conditions (Equations 2.2 
and 2.6, respectively), one obtains: 
 41
HP
v
v R
λ λ⎛= +⎜⎝ ⎠
⎞⎟  2.7 
The slip condition, though is only a mathematical artifice, does not provide a physical 
explanation to the observed deviations from the Hagen-Poiseuille equations. The role 
played by the physical, and chemical, interactions between the channel’s wall and the 
liquid’s molecules remains unclear.31 Experimental results for liquid flows at the 
microscale have shown slip lengths in the order of tens of nanometers.31, 32 
The dynamics of fluid flow has been discussed by Washburn.33 In the general case of 
a liquid in a horizontal channel with circular cross-section, driven by an external applied 
pressure, , and capillary pressure, appP
2 cosLV
r
γ θ , the flow velocity, L
t
, is given by: 
 
2
2
cos2
1 4
4
LV
app atmP PL r r
t r
γ θ
λ
μ
⎛ ⎞− +⎜ ⎟ ⎛⎝ ⎠= ⎜⎝ ⎠
⎞+ ⎟  2.8 
where is the channel length,  the time necessary to the liquid to bridge , and L t L LVγ  the 
surface tension at the liquid-vapor interface forming a contact angle θ . 
This equation can be further simplified by considering a no-slip boundary condition and 
that the liquid is driven inside the channel by capillary flow alone. In this case, Equation 
2.8 simplifies to the well known Washburn equation: 
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2 cos
2
LVL r
t
γ θ
η=  2.9 
No significant deviation from Equation 2.9 has been observed for several liquids in 
capillaries with radius down to ~ 0.1 μm (Figure 2.4).34  
 
 
 
 
Figure 2.4 Fluid velocity multiplied by the capillary length as a function of the capillary 
radius ( ) for water. (Δ) Experimental points; (____) theoretical line from 
Washburn equation, assuming 
2 /  vs l t r
θ = 0°; (- - -) least-squares regression line constrained to 
pass through the origin; (…) tolerance bands such that there is 95% confidence that 95% 
of the points should lie within the bands.34 
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2.2.2 Fluid Mechanics at the Nanoscale 
2.2.2.1 Numerical Results 
Due to initial lack of experimental setups to test the previous assumptions at the 
nanoscale, the first insights in nanoscale steady-state flow have been provided by 
numerical simulation.35, 36 Results have been sometimes conflicting:3 In some cases, the 
profile of the flow velocity calculated by Hagen-Poiseuille Law is predicted to remain 
parabolic for channels with diameter in the order of few nanometers.37 On the other hand, 
significant increases in flow velocity through pristine carbon nanochannels (diameter 1.7 
nm) have been predicted, owing to almost frictionless interaction between the graphite 
wall and the liquids’ molecules (Figure 2.5), 38, 39 a sharp deviation from experimental 
values measured for a 100 μm channel (Figure 2.4). It should be noted that the authors 
model the decane inside the tube having a reduced density due to the nanoscale 
confinement. 
 
Figure 2.5 Natural log plots of the penetration depth of decane against time in nanoscale 
channels for reduced decane densities (in %): 0.11 (○), 0.21 (□), 0.32 (Δ). The dotted 
lines are linear fits to the power law . The solid line is a plot of the 
Washburn equation.38 
, 1.xl bt x= = 0
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Molecular dynamics simulation of osmotic water transport through nanotube 
membranes suggested an almost frictionless flow with high flow rates,40 in very good 
agreement with experimental results reported two years later.41 These results suggested 
also that the flow rate is independent of the tube length, in strong contrast with 
macroscopic hydrodynamics. A similar result was also observed for He and Ar flow 
inside graphitic carbon nanotubes, with the heavier argon having a slower flow than 
helium.42, 43 In both papers, thermal fluctuations of both the fluids and of the tube were 
seen having a strong influence on the flow. In particular, a stochastic nature of the flow 
was suggested.40 The flow of liquid-vapor water mixtures and liquid water-nitrogen 
mixtures inside (20,20) SWNTs was studied using non-equilibrium molecular dynamics. 
Results showed layering formation of water molecules parallel to the wall in the vicinity 
of the tube walls.  Comparison of results with (30,30) and (40,40) SWNTs showed an 
increase of the slip length due to the reduction of surface friction as the curvature of the 
tube decreases.44 An increase in temperature from 300 to 500 K for the (20,20) tube 
showed a reduction of the slip length of about 30%, due to a higher kinetic energy of the 
fluid. At 700 K, simulation indicates the persistence of a liquid water layer near the walls, 
while water vapor flows towards the center of the tube. The addition of nitrogen 
dissolved in the water mixture flowing through the tube at 300 K induced a 20% decrease 
of the slip length attributed to the presence of supercritical nitrogen droplets at the carbon 
surface which shield the bulk flow from the hydrophobic carbon surface.44 Study of 
transport properties of water in smaller tubes, with diameters ranging from 1.1 to 2.1 nm, 
suggested strong anisotropy, in particular with axial diffusivity and viscosity being much 
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larger that those in the radial direction. This leads to water molecules to assume an 
ordered, helical structure inside a (10,10) nanotube.45  
 
 
Figure 2.6 Snapshot of the distribution of water molecules, confined in a (10, 10) SWNT 
at 298 K, (water density 1.0 gcm-3), forming an ordered helical structure. 
 
 
Comparison with bulk properties suggested that, while viscosity of water in CNTs is 
much higher than in bulk and increases as the tube diameter decreases, the diffusivity is 
lower than in bulk and decreases as the diameter of the tube increases. The kinetics of 
filling and emptying carbon nanotubes immersed in water were simulated.46 Results 
showed that water molecules enter the tube one by one, with an energetic preference to 
enter the cavity of a (6,6) tube with the dipole oriented inward, i.e. with hydrogen 
entering first. This orientation is conserved when other molecules enter the tube, thus 
making simultaneous filling of the tube by both sides energetically unfavorable. Results 
also suggested that the filling kinetics is slowed down with increasing tube length, 
somewhat in disagreement with experimental results showing an increased fluid flow in 
nanotubes with a diameter <2 nm.47 
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Simulations showed that ionic flow inside carbon nanotubes was strongly increased 
when functional groups were added to the end of the tube from which the ionic flow 
originates. The flow was also enhanced when an external electric field was applied.48 By 
placing oppositely charged functional groups on the ends of the tube, cationic and anionic 
selectively was also simulated. Size selectivity was shown for absorption of a binary 
mixture in SWNTs, with the smaller species excluding the larger one at lower 
temperatures (< 200 K), with the opposite happening at higher temperatures (> 300 K).49 
Chemical selectivity was also predicted, with non-polar molecules preferentially filling 
the cavity of SWNTs over polar molecules.50  The same behavior is reported when the 
fluid-wall interaction effect is accounted for.51 
Numerical simulation of the flow of methane, ethane, and ethylene through SWNTs 
showed the strong effect of intermolecular and molecule-nanotube interactions. While 
thermal diffusion is predicted for methane, ethane and ethylene are predicted to diffuse 
by normal mode (Fick diffusion), single-file mode (only one molecule can diffuse at the 
time through the tube since the tube diameter is smaller than the combined radius of two 
diffusing molecules or atoms), or at a rate that is transitional between normal-mode and 
single-file diffusion over the time scales considered in the simulations, with decreasing 
diameter of the nanotube.52  
2.2.2.2 Experimental Results 
Study of capillary flow of both polar and non-polar liquids in carbon nanotubes with 
diameters ranging from 200 to 600 nm (Figure 2.7) shows that fluid velocity follows the 
model proposed by Washburn (Equation 2.9):53 
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Figure 2.7 The distance of a 96% glycerin-air interface (μm) from the tube’s inlet as a 
function of the square root of time (s) when the tube length is 19 (solid squares), 23 
(solid circles), 32 (upright triangles), and 37 (diamonds) μm. The solid line corresponds 
to theoretical predictions for a tube diameter of 500 nm and a contact angle of 70°. The 
dashed line corresponds to a tube diameter of 700 nm and a contact angle of 30°.53 
 
 
It should be noted that the condition of the nanotube prior to the capillary filling can 
have a strong effect on both the contact angle and the flow velocity. Experiments in 
quartz capillaries as small as 40 nm have shown that the presence of a pre-existing 
absorbed liquid film on the capillary walls can increase the capillary filling velocity 
substantially.54 
After the start of this PhD thesis research, some experimental results on the flow of 
liquids through carbon nanotubes were published. Liquid flow through a polymeric 
membrane with 7 nm carbon nanotubes embedded in it was studied.41 The results, 
showing a five orders of magnitude faster flow than the one predicted by conventional 
fluid-flow theory, suggest an almost frictionless interface between the liquid and the 
walls.41 The authors also showed that the fluid flow speed can be altered by 
functionalizing the tip of the nanotubes on one side of the polymer membrane.55 In the 
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second, water flow through carbon nanotubes with diameters of less than 2 nanometers 
embedded in an alumina membrane was studied. The water flow exceeded by more than 
three orders of magnitude the values predicted by continuum hydrodynamics models.47 
On the other hand, unusually slow diffusion was observed in larger silica nanotubes, due 
to the high density of reactive sites on the tube’s walls,56 in analogy to what has been 
predicted, but not demonstrated for carbon nanotubes.48 Electro-osmotic flow was also 
studied in a similar way using 120 nm in diameter nanotubes embedded in an alumina 
membrane.57 Results showed that the rate and direction of the flow can be controlled by 
changing the applied current. 
Gas and liquid flow over single-wall nanotube bundles, thus including fluids flowing 
inside and over the nanotubes has also been investigated, for sensing applications.58 
2.2.2.3 Effect of Confinement 
The critical dimension below which confinement in nanoscale pores affects fluid 
transport is currently debated. The interaction of polar liquids with hydrophobic surfaces 
drives the system to dry up because of the energy cost of maintaining a hydrogen bond 
network close to a large hydrophobic object below a critical dimension (or distance). The 
energy involved in the drying process is proportional to the surface area through the 
surface tension. This energy is balanced by the favorable bulk free energy proportional to 
the difference of the chemical potentials of the liquid, lμ , and gas, lμ , phases. So the 
critical dimension for drying up of the system is:59 
 2 LVc
l l g
D
n
γ
μ μ= − , 2.10 
where  is the average number of liquid molecules per unit volume. ln
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For water, it has been calculated that, at room temperature and atmospheric pressure, this 
critical value is in the order of 100 nm.59 This value appears to be relatively high in view 
of the recent experimental results of liquid flow in carbon nanotubes.41, 47 
Experiments on capillary filling of molten metals in 0.6-1.2 nm channels in zeolites 
show that the threshold for confinement effects is closer to 1 nm.60 This is attributed 
primarily to two factors: First, interphase transition layers between the liquid touching the 
wall and the bulk along the axis of the channel have a thickness, , comparable with the 
diameter of the capillary, . This reduces the “effective” diameter available for filling: 
h
D
 2d D h= −  2.11 
Calculations for numerous liquid metals in zeolites showed that .60  ~ 0.15 nmh
By measuring the critical pressure, , the critical surface tension can then be 
calculated: 
cP
 
4c c
dPγ =  2.12 
This value was found to differ from the surface tension calculated without accounting for 
the interlayer phase, ( ) 00c hγ γ= = . So, as the diameter, , of the channel decreases, the 
interphase pressure will increase, thus increasing the energy of wetting. This extra 
wetting energy is expressed by: 
D
 
2
c
c cP
δγ =  2.13 
Calculation showed that ~ ~ 0.14 nmc hδ and is positive. This value is about one order of 
magnitude larger than the so-called Tolman length,61, 62 which accounts for the effects on 
surface tension of curvature of the liquid-solid-vapor interface with size comparable to 
that of characteristic atomic dimensions. Therefore, the authors suggest that the influence 
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of curvature alone on the wetting properties is negligible compared to the effect of the 
interphase layer pressure.60  
From the mechanical point of view, a liquid confined to few molecules in thickness 
will exhibit a response both to compression and to tangential shear typical of a solid.63 
For a dodecane droplet between two mica surfaces, this happens for thicknesses ≤5 nm, 
with the molecules aligned preferentially parallel to the boundaries. When considering 
flow of dodecane through mica surfaces, viscosity measurements showed that the 
relaxation time in confinement is much slower than in bulk liquid, thus the liquid reacting 
as a solid to mechanical solicitations. 
2.3 Filling Carbon Nanotubes with Liquids 
One of the first proofs that carbon nanotubes (CNTs) were indeed hollow was 
obtained by infiltrating carbon nanotubes with molten metals, salts64, 65 and oxides, 
including metal evaporation,66 melting,67, 68 and capillary filling.69 A large number of 
hybrid materials have been produced.70, 71 An empirical law for single wall nanotubes 
(SWNT), which still stands, was devised as that no liquid with a surface tension higher 
than 180-200 mN/m could enter the hollow cavity of carbon nanotubes with a diameter 
up to 4 nm (Figure 2.8).67 
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Figure 2.8 Zisman plot: cosine of the contact angle θ versus the surface tension, γ, of 
various liquids (sulfur, cesium, vanadium oxide, selenium, and lead(II) oxide melts). 
Solid squares correspond to direct measurements of θ on TEM micrographs. For the 
open circles, θ was deduced from the measurements of the dimensions of the droplets 
and the supporting nanotube or bundle on TEM images.72 
 
 
Although the surface tension for water (72 mN/m) is well   below the value of 200 
mN/m identified by Dujardin et al.67 as the threshold for the entry of liquids into SWNTs, 
in analogy with basal planes of graphite, CNTs were generally believed not to be wetted 
by polar fluids and water. 
2.3.1 Filling Carbon Nanotubes with Aqueous Liquids 
Few years after the initial experiments with molten metals and salts, the first high 
resolution transmission electron microscopy (TEM) micrographs of aqueous fluids 
trapped inside CNTs suggested that water could indeed wet the internal cavity of CNTs 
(Figure 2.9).15 In particular, water, along with other fluids, was trapped inside the 
nanotubes during the synthesis process.16 These CNTs, named hydrothermal nanotubes, 
had ordered graphitic walls, with average diameters of 50 nm with both ends capped.11 
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Figure 2.9 TEM micrograph sequence of a typical carbon nanotube portion showing the 
reversible volume contraction/expansion of a liquid entrapment upon heating/cooling 
achieved by manipulating the illuminating electron beam. (a) Initial shape of liquid at 
temperature , (b) inclusion gets thinner upon heating at , (c) liquid returns to its 
initial size upon cooling at 
aT bT T> a
bcT T< , (d) heating is repeated ( ), resulting in a 
renewed contraction of the liquid volume.73 
dT T> c
 
This has allowed fluid manipulation using the electron beam in the TEM to obtain 
complex liquid-vapor phase transitions73 between the different components of the fluids, 
including water, methane and carbon dioxide.74 Interestingly, the liquid phase, of which 
water represented the main component, wetted the surface with a low contact angle.75 
This has been attributed to the formation of hydrogen bonds between water molecules 
and carboxyl groups attached to edge termination of carbon layers inside the nanotubes, 
as a result of the synthesis conditions.74 
Using an autoclave system water was forced inside 2-5 nm closed MWNTs through 
its walls and observed using high resolution TEM.28 At this scale, the liquid-solid 
interface could not be determined any more as in macroscopic system, but agitation of a 
small number of water molecules could be recorded, as well as a characteristic peak for 
ice in EELS upon cooling of the system below 80 °C. 
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Figure 2.10 (A) TEM micrograph showing an empty CVD nanotube with an inner 
diameter of 2.9 nm. (B) After autoclave treatment, water is observed in the nanotube 
channels, but it does not show a smooth water-gas interface in the 4-nm channel.28 
 
 
A common characteristic of all these systems consists in the fact that carbon 
nanotubes have both ends closed and the composition of the liquid is determined either at 
the initial stage of synthesis (hydrothermal nanotubes) or by subsequent infiltration of 
either metals or water into closed nanotubes by pressure or other methods. A first 
limitation is that neither the composition of the liquid nor the surface chemistry and 
structure of the nanotubes can be changed during the experiment. A second limitation is 
that it is not possible to study flow or transport of liquids through closed CNTs.  
An answer to the latter problem has been given using a different kind of carbon 
nanotubes, also named nanopipes, due to their straight walls, open ends and a large cavity 
compared to thin (typically 15-20 nm) walls, as in macroscopic pipes.76 It has been 
shown that water will preferentially condense inside these carbon pipes when the 
appropriate temperature and pressure conditions are reached inside the chamber of 
environmental scanning electron microscope (ESEM).77 Most notably, water menisci 
formed inside the CNTs with a low contact angle (Figure 2.11).  
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Figure 2.11 ESEM images showing the dynamic behavior of a water plug close to the 
open end of the tube shown. The meniscus shape changes when, at a constant stage 
temperature, the vapor pressure of water in the chamber is changed (a) 5.5 Torr, (b) 5.8 
Torr, (c) 6.0 Torr, and (d) 5.8 Torr. The asymmetrical shape of the meniscus, especially 
the complex shape of the meniscus on the right side in (a), is a result of the difference in 
the vapor pressure caused by the open left end and closed right end of the tube.77 
 
The shape of the menisci was also comparable to the one water formed in 
hydrothermal nanotubes. Similar behavior was also found for water plugs inside 
hydrophilic silicon oxide nanochannels of about 100 nm in height.78 In this latter case, a 
strong negative pressure was based on the pressure drop across the liquid meniscus 
(Laplace pressure, [ ]1 2LVP cγ= + c ), where LVγ  is the surface tension and  and  are 
the curvatures.  
1c 2c
Water flow from one end of a tube to the other was also demonstrated.79 The direction 
of flow was imposed depositing a hydrophilic polymer, polypyrrole, on one of the open 
ends of a carbon nanopipe pushing water from that end to the other.80  Capillary filling of 
carbon nanopipes with external diameters up to 200 nm was also observed under the 
optical microscope, for water, ethylene glycol and cyclohexane.53 The results showed 
good agreement with the Washburn equation used for flow in macroscopic channels,33 
 
 23
suggesting that tubes with much smaller diameters have to be investigated in order to 
observe non-continuum behaviors. Carbon nanopipes have also been filled with 
magnetic6 and fluorescent81 particles dispersed in liquid media which penetrated in the 
tubes and then dried up by evaporation. 
2.3.1.1 Molecular Simulation of Aqueous Fluids inside Nanochannels 
Spontaneous and continuous filling of a non-polar nanotube (diameter 0.81 nm) with 
a one-dimensionally ordered chain of water molecules has been reported.82 Similar results 
were obtained when simulating water-vapor oscillations inside short pores (0.8 nm) of 
varying diameters in the range 0.35-1 nm.83 Molecular dynamics of water droplets 
confined inside 2.5, 5, and 7.5 nm in diameter SWNT showed a non-wetting behavior, 
with the smallest tube having the highest contact angle, 103° (Figure 2.12).84  
 
 
 
Figure 2.12  Molecular dynamics simulation of water droplets inside a SWNT (2.5 nm 
diameter) forming a non wetting meniscus.84 
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Simulation of two SWNTs immersed in water was in agreement with the previous 
results showing that water molecules squeezed between the two tubes at the start of the 
simulation will migrate away from this area to reach an equilibrium condition.85  
DNA would also spontaneously enter the internal cavity of CNTs when dispersed in 
water, with van der Waals forces pushing the DNA inside the tube as opposed to 
hydrophobic interaction opposing it.86 
2.3.1.2 Water Structure inside Carbon Nanotubes 
Whether water exists in the liquid or solid phase inside SWNTs has also been the 
subject of numerous investigations. Results from molecular dynamics calculations 
suggested that water would form hydrogen-bond networks at room temperature and 
physiological condition87 giving rise to complex geometries from square to heptagonal 
ice nanotubes.88, 89 Experimental results in nanometer-size channel of zeolites appear to 
be in agreement, with pressure-induced formation of water “wires”.90 The transition from 
liquid to an amorphous bilayer above room temperature in one nanometer hydrophobic 
pores has also been simulated.91 On the other hand, MD results have been reported with 
water molecules forming an ordered layer in the region near the wall and showing no 
order along the axis of the nanotube, both in hydrophilic and hydrophobic channels.92 
The addition of CO2 was shown to induce layering along the walls of a closed SWNT of 
water molecules with the establishing of liquid-gas equilibrium.93  
X-ray diffraction studies showed a substantial amount of water adsorbed in SWNTs 
bundles, with a liquid-solid transition at 235 K. Simulation of XRD patterns suggested 
that water adsorbed primarily inside the tubes rather than in the interstitial channels of the 
bundle.94 Comparison of the vibrational and rotational spectra of water confined in 
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SWNTs and in bulk was performed.95 Results showed a significant shift of the absorption 
bands as a function of the pore diameter in which water is confined.96 Simulations also 
suggest the presence of a new peak around 3650 cm-1 attributed to the splitting of the 
symmetric and antisymmetric components of the stretching vibration of liquid water.  
2.3.1.3 Non-aqueous Fluids inside Nanochannels 
Capillary phase transitions of n-alkanes inside carbon nanotubes ( 4.068 nm diameter) 
have also been investigated reporting complete filling.97 Molecular dynamics studies of 
benzene in carbon nanotubes (diameter 1.08 nm) showed that the plane of benzene is 
almost perpendicular to the tube axis when the molecule is near the center of the channel 
and parallel when near the wall of the channel.98 The same behavior is suggested for 
functionalized benzene molecules inside carbon nanopores.99 Simulation of nanotubes 
imbibing decane showed very rapid imbibition not following the macroscopic Washburn 
equation.38 Similar calculations on decane confined in SWNT showed that the diffusion 
coefficients in the inner region of the tube are greater than in the region in contact with 
the tube walls, and that the diffusion coefficients averaged over the entire tube are much 
higher than in bulk liquids at the same temperatures and densities.100 
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2.4 Contact Angle, Wetting and Surface Tension 
The mechanical equilibrium condition of a liquid droplet, in equilibrium with its vapor, 
on a surface has been described by Thomas Young about two centuries ago (Figure 
2.13):101 
S
LV θ
γLV
γSLγSV
 
Figure 2.13 Schematic of surface tensions at the liquid-vapor-solid interface where L, S, 
and V stand for the liquid, solid and vapor phase respectively and γLV, γSL, and γSV are the 
surface tensions acting on the liquid-vapor, solid-liquid and solid-vapor interfaces, 
respectively, with dimension of a force over a length. 
 
 
Summing up the surface tensions, or capillary forces, acting on the triple line – the line 
where the three interfaces meet – and equating the sum to zero yields:  
 cosLV E SL SVγ θ γ γ= −  2.14 
This equation neglects effects of gravity assuming that the liquid droplet is smaller than 
the capillary length.102 For water, the capillary length is in the order of ~3 mm. 
In case of a pure substance, the surface tension is defined as the increase in free 
energy  that accompanies an increase in surface area or equivalently, as the specific 
surface free energy, :  
G
SG
 
,
s
T P
GG
A
γ ∂⎛ ⎞= = ⎜ ⎟∂⎝ ⎠ , 2.15 
where G  is the Gibbs free energy,  the surface of the interface, T  the temperature, and 
 the pressure of component i.103 For multi-phase system, such as a liquid in equilibrium 
A
P
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with its vapor, there is no sharp transition between two phases, but a region where density 
and pressure vary. Gibbs introduced the concept of surface of tension, as a mathematical 
artifice which allows calculating the interfacial properties assuming that the extensive 
properties of the bulk phases continued uniformly up to the dividing surface. As a result, 
“the actual values for the system as a whole will differ from the sum of the values for the 
two bulk phases by an excess or deficiency assigned to the surface region.”103 For a 
multi-component system, Gibbs developed a concept similar to the surface of tension, 
with the difference between system properties and sum of the bulk properties accounted 
for by excess quantities. In this particular case, the specific surface excess free energy: 
 i i
i
Gσ σγ μ= + Γ∑ , 2.16 
where iμ  is the chemical potential of component . “i σΓ  is called adsorption (or surface 
excess) of i , since a large positive value of i
σΓ  is evidence that component i  is found in 
the surface layer in higher concentrations than  it is expected from its concentration in the 
bulk phases”.104 The surface tension and Gσ  will be equal only for a single component 
system, or if there is no adsorption.103 
Gibbs derived the Young’s equation from thermodynamic equilibrium at the solid – 
liquid – vapor interface:105 
 ( ) ( )cosS SL SV LVG A Aγ γ γ θΔ = Δ − + Δ − Δθ  2.17 
At equilibrium 
0
lim 0
S
A
G
AΔ →
Δ =Δ  and equation 2.14 is obtained.  
The contact line delimits the three phases of the system, liquid, vapor and solid 
substrate. For an ideal liquid droplet it is a circle. In this configuration, there is no 
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pressure difference in the liquid and vapor phases and the bulk of the liquid is simply 
translated, without any change in the bulk energy of the system. As a result, the 
equilibrium contact angle, θ, is solely a function at equilibrium of thermodynamic 
properties, the surface tensions, γ, between the three phases.102 
Equation 2.14 is thermodynamically sound only if all the phases are mutually in 
equilibrium, and this means that there must be an adsorbed film from the vapor phase on 
the solid surface. Hence, the exact formulation of Young equation, also accounting for 
adsorption is the following:106  
 0cosLV S LS eγ θ γ γ π= − − , 2.18 
where 0Sγ  is the surface tension of the dry surface and eπ  is the equilibrium film 
pressure of the adsorbed vapor on the solid surface.  
The equilibrium film pressure term requires special consideration. In order to do that, 
the concepts of high and low energy solid and liquid have to be introduced.  
The spreading of a liquid on a surface can be quantified using the spreading 
coefficient S: 
0[ ] -[         S SS Energy of the dry surface Energy of the moist surface] Vγ γ= = − , 2.19 
where SV SL LVγ γ γ= + . The energy difference from “dry” and “moist” surface can be 
large, for example ~300 2
mJ
m
 for water on metallic oxides.102 Large positive S favors the 
spreading of a liquid on a surface.107 Such differences require us to discriminate between 
high-energy and low-energy solid surfaces. So-called hard solids with covalent, ionic or 
metallic bonds, have “dry” surface energies 10 to 100 times higher than weak molecular 
crystals and liquids, bound by van der Waals force or hydrogen bonds.108 Most molecular 
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liquids achieve complete wetting (S≥0) on high-energy surfaces.109 On the other hand, 
low-energy molecular solids are only partially wet, or not wet at all by most liquids. 
Example is water on polytetrafluoroethylene (PTFE). The study of wetting of a series of 
homologous liquids on a given surface allowed determining a critical value of the surface 
tension of a liquid, cγ , below which it cannot wet the solid.107 
Experimental results have shown that the equilibrium film pressure term in equation 
2.18 is zero when high energy liquids are brought in contact with low energy solids (as 
for water on PTFE).110 Contact angle measurements for both polar and non-polar liquids 
on polymethylmethacrylate (PMMA) have shown that the variation of the contact angle 
due to the neglect of the eπ  term in equation 2.18 is less than 1 deg.111  On the other 
hand, the equilibrium film pressure is not zero for high energy surfaces such as metal and 
graphite. In the case of water, even if it does not wet graphite, it indeed adsorbs on the 
surface, with a value for eπ  of about 219 mJm  or 19
mN
m
.112 In this case, the equilibrium 
film pressure cannot be neglected in solving Young’s equation. 
2.4.1 Terminology for Wetting Phenomena 
The terminology to indicate whether a liquid is “wetting” a surface is somewhat 
controversial. In this work, the definitions proposed by P. de Gennes are adopted, being 
the most widely used in the scientific community:102 A liquid with a contact angle 
, or , is said to wet a surface; when 0Eθ = D 0S > 0S <  two cases occur:  the 
liquid is said to be partially wetting the surface; while for  the liquid is partially 
non-wetting the surface. In addition, a substrate is said to be hydrophilic when it is wet by 
water or polar liquids in general. On the other hand, a hydrophobic substrate is not wet by 
90Eθ ≤ D
90Eθ > D
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water or polar liquids, but can be wet by non-polar ones. The highest contact angle 
achievable for water on a smooth, flat substrate, solely due to chemical interactions is 
120° on polytetrafluoroethylene, or Teflon™.113 Beyond this value, surface engineering 
is necessary, with columnar or pillar-like structures, as will be described in the next 
paragraph. Superhydrophobic surfaces are described as having a contact angle for water 
higher that 120°, although progress in surface engineering is pushing the onset of 
superhydrophobicity to higher contact angle values close to the 180° limit. Therefore, the 
value of 120° could be considered the threshold above which superhydrophobicity is 
defined, but there is no consensus in the scientific community about this statement. 
2.4.2 Effect of the Substrate Structure on Wetting 
Young’s equation was derived for a perfect, smooth surface. The effect of the surface 
heterogeneity or roughness of the solid substrate on Young’s equation is to increase the 
contact angle of the system above 90°, the so-called superhydrophobic state.114 Two 
models have been proposed to describe this effect (Figure 2.14):  
The first one, known as the Cassie-Baxter effect, applies to porous surfaces, such as 
fiber mats or membranes, and is described by the following equation:115 
 ( ) ( )*cosLV s SV SL p SV SLs pγ θ φ γ γ φ γ γ= − + − , 2.20 
where, *θ is the apparent contact angle for the liquid drop on the porous surface, and φs 
and φp are the fractional surface coverage of the substrate and pores, respectively. In the 
particular case when the pores are filled with only air, the contact angle, θp, is 180° 
(recall water droplets which are spherical, least of gravity effects). The Cassie equation 
then simplifies: 
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 *cos 1 (1 cos )sθ φ= − + + θ  2.21 
When the fraction of pores, pφ , exceeds a characteristic value, function of each liquid-
solid system, the Cassie-Baxter equation cannot be applied any longer.  
 
 
Figure 2.14 Two models of superhydrophobicity. For a moderate hydrophobicity 
(90 cθ θ< <D , where θ  is the contact angle on a flat surface, and cθ  is fixed by the 
texture design, as defined in the text), the apparent contact angle *θ  should be given by 
the Wenzel model. If θ  is larger than cθ , air remains trapped below the drop, which sits 
on a composite surface made of solid and air; sφ  is the fraction of solid in contact with 
the liquid (Cassie regime). However it has often been reported that the Cassie regime 
can also be observed for cθ θ< , in spite of a higher energy. This metastable situation is 
represented by a dotted line.114 
 
When the surface roughness of the substrate,  – defined as the ratio of the actual 
over apparent surface area of the substrate – is known, a simple model proposed by 
Wenzel can account for it:116 
r
 *cos cosrθ θ=  2.22 
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This equation is the basis for the surface pattering techniques which allowed reaching 
contact angles for water close to 180°.117 A more complex model of the Wenzel equation 
has been derived to account for nonlinear dependence of the contact angle over 
roughness, observed in numerous experiments.118  
By equating the Cassie and the Wenzel equations, the threshold value of the contact 
angle between the two regimes, *θ , is calculated (Figure 2.14).114  
2.4.3 Effect of Substrate Chemistry on Wetting 
Numerous theories have been developed to account for the contributions to the 
surface and interfacial tensions arising from the chemical structure and bonding nature of 
the phases.103, 119 One of the main components to the surface tension is given by so-called 
dispersion forces, based on van der Waals interactions between the phases at the interface 
as well as inside each phase. The nature of these forces is described by the Lifshitz-van 
der Waals theory,120 a detailed description of which goes beyond this text. Another 
important contribution to the surface tension is given by hydrogen bonding, particularly 
important when one of the phases is water. Other contributions are those given by polar 
interactions between the phases and acid-base interactions.103, 121 
In their classical work, Girifalco and Good assumed that the contribution of each 
force to the total interaction tension between two phases could be given by a geometric 
mean of the surface tension value associated with each type force.122-124 Building on this 
theory, Fowkes studied the surface tension terms for polar liquids wetting low energy 
solids.110, 125-127 In the particular case of water wetting a solid in equilibrium with its 
vapor: 
 dLV L L
pγ γ γ= +  2.23 
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where the superscripts and d p refer to the dispersion force and polar and/or hydrogen 
bonding components.110 This concept is particularly useful since dLγ  and pLγ  are 
thermodynamic properties of each substance.126 In fact, Young’s Equation  
(Equation 2.18), can be rewritten in terms of  these quantities as: 
 cos 1 2
d
Ld e
S
LV LV
γ πθ γ γ γ
⎛ ⎞⎜ ⎟= − + −⎜ ⎟⎝ ⎠
 2.24 
when the only contribution to the surface tension is due to dispersion forces. As stated 
previously, the equilibrium film pressure can be neglected in the case of low energy 
solids like polymers. A more general formula accounting also for polar and hydrogen 
bonding contributions to the surface tension is:128 
 cos 1 2 2
d p
L Ld p e
S S
LV LV LV
γ γ πθ γ γγ γ γ
⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟= − + + −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 2.25 
Thus measuring the contact angle and equilibrium adsorption pressure of two liquids of 
known properties, it is possible to calculate the dispersion and polar components of the 
substrate’s surface tension. In the special case that 0eπ = , only the contact angle values 
for two liquids on the substrate are necessary,128 and the Young’s equation can be 
rewritten in the form: 
 ( )1 cos 2 d dLV S Lγ θ γ γ+ =  2.26 
This is the case for high energy liquids on low energy surfaces,110 like water on 
polymer films.128 Thus by measuring the contact angle for two liquids on a substrate it is 
possible to determine the two components of the surface free energy of the substrate.128 
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This simplified formula does not apply to the water-graphite couple, where an 
adsorbed film from water vapor is formed with an equilibrium pressure 219e
mJ
m
π = .112 
By measuring this value as well as the contact angle of water on graphite (84-86°), it is 
possible to evaluate the dispersion component of the surface tension for graphite:112 
 ( )
2
2
2
~ 110 120
4
e LVd
S d
L
mJ
m
π γγ γ
+= −  2.27 
This value has been also confirmed by independent measure of adsorbed vapors on 
graphite.110 
A more general theory to evaluate the surface tension components arising from 
different interaction terms, has been proposed by Van Oss and Good, combining the 
dispersion forces terms in the Lifshitz – van der Waals theory with the Lewis acid-base 
approach.121 The Lifshitz – van der Waals theory showed that there are three main 
components to van der Waals forces: Dispersion forces, induction (or Debye interaction) 
and dipole-dipole interaction (or Keesom interaction).129 In general, dispersion forces 
exceed the other two components, thus the good agreement of Fowkes formula (Equation 
2.23) with experimental data. 
Consequently, Van Oss provided a more general form for Equation 2.23: 
 LW d i μγ γ γ γ= + +  2.28 
where the subscripts , , and , stand, dispersion, induction and dipole-dipole 
components of the total surface tension, 
d i m
LWγ , according to Lifshitz – van der Waals 
theory.130 And, in analogy to Fowkes (Equation 2.26), Young’s equation for a liquid 
wetting a solid can be expressed in terms of LWLγ : 
 
 35
 ( )1 cos 2LW LW LWL S Lγ θ γ γ+ =  2.29 
In addition to the previous equation, the same authors introduced two new surface 
parameters of condensed-phase substances to account for acid-base interactions between 
substances: 
  2.30 
 Lewis acid component of surface free energy of component i
 Lewis base component of surface free energy of component i
i
i
γ
γ
+
−
≡
≡
Together they yield the acid-base component of surface energy for a pure substance, i :121 
 2ABi i iγ γ γ+ −=  2.31 
For a monopolar substance, either component of equation 2.30 will be zero, 
hence . 0ABiγ =
In analogy to Equation 2.29, Young’s Equation can be expressed in terms of the acid-
base components of the surface free energy for a polar liquid wetting a solid (Equation 
2.30): 
 ( ) ( )1 cos 2 LW LWL L S L S L Sγ θ γ γ γ γ γ γ+ − − ++ = + +  2.32 
Measuring the contact angle of one non-polar (Equation 2.29) and two polar liquids 
(Equation 2.32) of known parameters , a system of three equations 
for 3 unknowns, 
, , ,  1 or 2LWi i i iγ γ γ+ − =
, ,LWS S Sγ γ γ+ − , is obtained, thus providing a complete characterization of 
the surface free energy components of the solid wet by the three liquids.131 
2.4.4 Wetting at the Nanoscale 
A pressure difference builds up at the interface between two fluids (Figure 2.13), due 
to the curvature, C , of the interface. This difference is known as Laplace pressure:  
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1 2
1 1
L V LV LVp p p C R R
γ γ ⎛ ⎞− = Δ = = +⎜⎝ ⎠⎟  2.33 
This pressure difference induces a tension on the interface with consequent transfer of 
matter from the phase with higher curvature to the one with lower curvature.102 Therefore 
another term has to be added to the surface energy of the droplet, accounting for the 
different energetic state of the fluids’ molecules close to the interface.   
In addition, the contact line - the interface between liquid solid and vapor (Figure 2.13) – 
can be curved, as in the case for a spherical droplet (Figure 2.15).  
R
γLV
γSLγSV
 
Figure 2.15 Schematic of the contact line, where the liquid, vapor and solid phases 
meet, for a drop with circular cross-section.  
 
Young’s equation in its original formulation (Equation 2.14) was derived for a wedge 
(Figure 2.13) and hence does not account for the effect of curvature.109 A more general 
formulation of Young’s Equation has been derived to include the effect of the line tension 
on the equilibrium contact angle, Eθ :132  
 cos ( ) cos E
LV
R τκθ θ γ= −  2.34 
 
 37
where τ  is the line tension, the locus of all the 3-phase interface points (Figure 2.15), and 
is the curvature. For a drop with circular cross-section: κ
 1cos ( ) cos E
LV
R
R
τθ θ γ= − , 2.35 
where R  is the radius of the drop. When the droplet radius is much larger than the 
characteristic size of molecular interactions, typically in the nanometer range,109, 129 the 
equilibrium contact angle, Eθ , in the Young equation is unaffected. On the other hand, 
when the drop size approaches the nanoscale, the line tension term cannot be further 
neglected and the contact angle is supposed to increase with decreasing drop size for a 
positive τ . For a negative τ , the contact angle would decrease as the drop size increases. 
The sign and magnitude of the line tension have been investigated for a long time, 
with conflicting results.133 Experimental results in the range  have been 
reported.133-136 Both positive137 and negative138 signs have also been reported. The large 
discrepancy in experimental values is attributed to the effect of surface heterogeneity and 
roughness on contact angle values,139, 140 used to estimate the line tension according to 
Equation 
5 1210 10 N− −−
2.35. A solution to this problem has been to perform contact angle 
measurements on nanoscale size droplets using the atomic force microscope (AFM). 
Measurements on drops as small as 5 nm yielded and upper limit for the line tension 
1010 Nτ −= , without conclusive data on the sign. This range is in agreement with 
theoretical,104 and numerical predictions.141 
It should be noted that the above values for the line tension are calculated assuming 
that it is constant. This assumption has been challenged on the basis of the dependence of 
the line tension from molecular interfaces at the three-phase contact line, which will 
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depend   on the curvature, and hence contact angle, of the interface.135 A different 
approach suggests that the surface tension is function of the radius of the droplet:62 Based 
on Gibbs Theorem (Equation 2.16) a relation between the surface tension and the radius 
of a liquid droplet is derived: 
 ( ) 021
r
r
γγ δ= ⎛ ⎞+⎜ ⎟⎝ ⎠
, 2.36 
where 0γ  is the surface tension for a planar interface, the radius of the droplet and r δ is 
the distance from the dividing surface where the adsorption term in the Gibbs equation 
vanishes. In other words, δ is a measure of the intermolecular distances in the liquid at 
the interface.61 A modified version of Equation 2.36, which takes also in account the 
interaction between the liquid and the solid, yielded results closer to molecular 
simulations (Figure 2.16).142 It has also been pointed out that for droplets with radius 
comparable to δ  the surface tension is not definable any more.104 
 
 
Figure 2.16 Dependence of the surface tension on the droplet diameter for water, with 
δ being set equal to the intermolecular distance between water molecules at room 
temperature.142 [Ref.18] in the figure is: Samsonov, V. M.; Dokl. Phys. Chem. 2003, 389, 
83. 
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Water capillary filling of quartz capillaries with diameters from 200 to 40 nm did not 
show, however, any variation of the surface tension over a wide range of temperatures.54 
2.4.4.1 Contact Angle and Surface Tension Measurements in Carbon Nanotubes 
Few attempts at measuring the contact angle of liquids inside carbon nanotubes have 
been attempted due to the lack of valid measurement techniques. On one hand, qualitative 
values can be drawn from TEM (Figure 2.9) or SEM (Figure 2.11) micrographs. These 
values, moreover, contradict molecular simulation results showing a high contact angle 
for water inside CNTs.84 
An alternative approach consisted in dipping MWNTs attached to an AFM tip in 
liquid droplets. This allowed to measure surface tension and contact angle of water, 
ethylene glycol, glycerol and PDMS wetting the outer surface of carbon nanotubes.143 In 
particular, contact angle for water was 80.1± 3.6 deg, close to the consensus value for 
wetting of water on graphite. By indirect comparison with previous results, the same 
researchers suggested that water would wet the internal cavity of MWNTs forming a 
lower contact angle than what observed for the outer surface.144 This last result appears to 
be somewhat questionable, since no direct measurement has been attempted. Direct 
measurement of the surface tension of numerous polymers on the outer wall of MWNTs 
and carbon fibers was attempted in the ESEM after polymerization of droplets onto the 
fibers.145 In this case, the method appears to be limited to polymerizable matter and the 
accuracy of the measurement is limited by the resolution of the microscope. 
The same technique has been used to measure directly the surface tension of carbon 
nanotubes dSV S L
pγ γ γ= +  using the contact angle measurements and the Owen-Wendt 
 
 40
equation (Equation 2.25).128 A value of 227.8
mJ
m
 was calculated dipping a MWNT 
attached to an AFM probe in different liquids.143 Contact angle measurements of several 
liquids on MWNT films, yielded a value of 286.2
mJ
m
.146 In his classical work, Dujardin 
estimated a value for the critical surface tension cγ  for a SWNT in the range 
240 80
mJ
m
− .72 These calculation appear, though, to be fundamentally flawed by the fact 
that the adsorption term in Equation 2.25 has been neglected (see Equation 2.27 for value 
of adsorption term of water on graphite). In has been previously reported that this is not 
possible for graphite, which adsorbs the liquids used to perform the measurements and 
will do the same on carbon nanotubes. 
2.5 Contact Angle of Water on Graphite 
It is common knowledge that water does not wet graphite, in the sense that a water 
droplet forms a contact angle close to 90° on graphite, although this definition is 
conflicting with what was stated earlier. 
A review of the literature shows a very different picture for both experimental and 
numerical simulation results, varying from 0° to over 150° (Figure 2.17). 
The first experiments were conducted in the 1940’s using the Wilhelmy balance 
method and yielded a result of 85-86° for water on Ceylon graphite.127 A similar value 
for the contact angle, in the 80-86° range, has been obtained by a large number of 
researchers.147-149 
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Figure 2.17 Frequency of contact angle values of water on graphite reported in literature; 
both experimental results and numerical simulations. 
 
In particular, Ogarev showed that the value he obtained for water on Ceylon graphite 
(82-84°) is consistent with the value (85°) obtained on freshly cleaved highly oriented 
pyrolitic graphite (HOPG), with angular dispersions of the C axis from 0.4° to 3.5°. This 
result proved that the contact angle values for water on graphite in the 80-86° range were 
to be attributed to the basal plane of graphite. In fact, contact angles as low as 55 ° have 
been obtained for polycrystalline graphite.147, 150 Morcos stated that it is highly unlikely 
for water to form dipole-dipole interactions with the basal plane of graphite.149 In 
addition, no hydrogen bonding is expected owing to the absence of oxygen-containing 
functional groups in freshly cleaved graphite, nor π-bonding interaction is expected 
between water and the basal plane of graphite. Therefore, the only interaction between 
water and the basal plane of graphite is due to dispersion forces.151 
A contact angle close to 0° was obtained after treating high purity pyrolitic graphite 
with electron bombardment for ten minutes at approximately 750 °C in ultra high vacuum 
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conditions.152 The author suggests that the electron bombardment removes all impurities 
chemisorbed on the surface, with Auger electron spectra (AES) analysis finding no trace 
of oxygen, nitrogen or other impurity. Therefore, a contact angle close to 0° would be the 
real contact angle for water on graphite. This interpretation, contradicting most of the 
previous experimental results on wetting of graphite, does not account for the structural 
change occurring in the graphite due to the electron bombardment, i.e., the transformation 
from an ordered quasi-monocrystalline structure to one formed by many small 
crystallites, with a high concentration of edge planes, defects and so on.  
These variations are apparently due to factors such as differences in experimental 
setups, surface preparation, and the type and quality of the graphite. One school of 
thought attributes the contact angles of ~84º and 30º, respectively, to the basal plane and 
the edge sites of the graphite structures.147 Another school of thought assumes that the 
true value of the contact angle of water on graphite is around 30-35º and that the higher 
value of 80-84º is due to chemisorption of hydrogen or adsorbed hydrocarbons on the 
surface of the graphite, which enhance the hydrophobic behavior of the substrate.153 
Numerical simulation results have been also affected by large discrepancies, as a 
result of the different values for the water-carbon interaction potentials employed for the 
simulations. It has been shown that variations of the parameters of the Lennard-Jones 
potentials used to describe the water-graphite interaction leads to contact angles ranging 
from 0° to 143.3° (Table 2-1).141 
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Table 2-1 Molecular dynamic simulations* of water on water droplets on graphite.141 
 
 
 * The water-carbon interaction is modeled through Lennard-Jones potentials with parameters εCO (kJ mol-
1), σCO (Å), εCH (kJ mol-1), and σCH (Å). The resulting binding energy of a water molecule on a double layer 
of graphite is denoted by ΔE (kJ mol-1). Nwater is the number of water molecules in the droplets, and rB and θ 
are the droplet base radius and the contact angle as obtained from the simulation.  
 
b Case 1 with a cutoff radius of 25 Å for the electrostatics.  
 
c Case 1 with flexible graphite.  
 
d Case 1 with different initial conditions.  
 
e Case 24 with the TIP3P water model.  
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2.5.1 Effect of surface chemistry on the contact angle of water on graphite 
Adsorption studies have shown that treatment in hydrogen for 1 hour at 1000 °C 
strongly reduces the amount of surface oxides, and produces abundant C-H bonds. As a 
consequence, the amount of water adsorbed on the surface decreased drastically.154  
The presence of chemisorbed hydrogen atoms on the surface of graphite induced a 
strong reduction of the contact angle of pure water with respect to a pristine graphite 
surface (Figure 2.18).155  
  
 
Figure 2.18 Microscopic contact angle of a water droplet on graphite with chemisorbed 
hydrogen at 10% (x), 15% (* ), and 25% (□) coverage. The contact angle decreases with 
increasing the partial charge of the doped site.155 
 
 
Similar results were obtained for water droplets wetting hydrogen-doped SWNTs and 
MWNTs.156 Although the formation of hydrogen bonds between water and the hydrogen 
end groups on the surface is suggested as the cause for the reduction of the contact angle, 
this result appears in contrast with the fact that C-H surfaces are hydrophobic.157 Other 
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experimental results also showed that C-H terminations are hydrophobic and induce an 
increase of the contact angle of water on carbon.158  
Modeling of the wetting of graphite by droplets from potassium chloride solutions 
with concentration from 0 to 1.8 M showed  a decrease of the contact angle value from 90 
to 80°.155 This effect is attributed to the formation of a layer of potassium ions onto the 
graphite surface. 
2.6 Summary and Objectives 
Despite more than 100 papers on nanofluidics published in the last five years (see 
ref.3 for review), many fundamental questions regarding liquid behavior at the nanoscale 
remain unanswered, at least from an experimental point of view. Carbon nanotubes 
appear to be well suited for nanofluidic studies, provided they have the right 
characteristics, namely straight, thin walls and no catalyst particles or internal closures 
that would obstruct flow. Using carbon nanotubes as nanoscale pipes for liquid transport 
raises the question about the interaction between the “pipe” wall and the flowing liquid, 
at a scale at which surface tension and chemical interactions can no longer be neglected, 
unlike in the macroscopic case. The very fact whether water can wet a carbon nanotube is 
the topic of strong debate with theoretical and numerical simulation studies being 
contradicted by some experimental results. 
At the time this PhD thesis work started, there was very little knowledge about the 
interaction between carbon nanotubes and liquids and its influence on liquid flow at the 
nanoscale. I therefore set out to elucidate the nature of carbon-liquid interactions and use 
this knowledge to design and manufacture components of nanofluidic devices.  
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In particular, my research activity developed along the following lines: 
 Develop straight, open-ended carbon nanotubes suited for nanofluidic studies, with 
controlled: 
• Wall thickness, structure and chemistry 
• Inner and outer diameter 
• Mechanical and electrical properties 
 
 Conduct a systematic study on the effects of surface chemistry, structure and diameter 
of nanotubes on their wettability with various polar and non-polar liquids with the 
goal of:  
•  Understanding the chemical and structural modifications occurring during 
nanotube manufacturing that make nanotubes hydrophilic or hydrophobic 
•  Tailoring the wettability of carbon nanotubes as a means to control fluid flow 
 
 Conduct quantitative analysis of these effects through wetting experiments on 
nanotubes and chemically and structurally similar carbon films 
 
 Use the control over the wettability of carbon nanotubes to control the liquid 
condensation in nanotubes and flow through them 
 
 Design multifunctional carbon nanotubes for nanotube-based fluid probes, capable of 
sensing and of being manipulated remotely. 
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In order to achieve these objectives, I needed to develop several experimental tools: 
 Anodic aluminum membranes used as templates, with diameters ranging from 100 to 
10 nm. 
 Carbon nanotube and thin film deposition technique 
 Contact angle measurement setup for wetting experiments on CVD carbon. 
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3 MATERIALS AND METHODS 
 
In order to perform a systematic study on the effects of nanotubes’ diameter, wall 
chemistry and structure on the flow of liquids, a stable, well controlled supply of carbon 
nanotubes with reproducible structure and properties was necessary. To this objective, 
several technologies have been developed or optimized. Equation Section 3 
3.1 Alumina Membranes as a Template for Nanotube Synthesis 
Shortly after the idea of using porous membranes as templates for synthesis of 
nanomaterials was suggested,24 researchers deposited carbon by chemical vapor 
deposition in the pores of anodic aluminum oxide (AAO) membranes, pyrolizing 
propylene at 800 °C.26 Subsequent dissolution of the template with hydrofluoric acid left 
carbon nanotubes with external diameter equal to the size of the pores in the template.25  
3.1.1 Commercial Alumina Membranes 
The first nanomaterials based on the template method have been obtained using 
commercially available membranes produced by Whatman Inc, England, now part of SPI 
Co., USA. The membranes where originally intended, and still sold today, for filtration 
applications when polymer membranes cannot be used due to the presence of aggressive 
solvents.  Therefore, the pore structure of commercial membranes has never been 
optimized and presents some characteristic defects: branching at both ends of the 
membranes is always observed. More rarely, small branching occurs also along the whole 
length of the pores. The membranes used in this study have a diameter of 13 mm 
(although larger sizes are also available), thickness of 60 μm, and a declared pore size 
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distribution of 200 ± 20 nm. Pore size distributions from SEM image analysis performed 
on  random samples from several batches show compatible results, with what declared by 
the vendor, although some larger scattering is observed (Figure 3.1). 
 
 
 
Figure 3.1. Pore size distribution for a commercial alumina membrane (Whatman 
Anodisc©) calculated from SEM image analysis. 
 
 
 
In an ideal case the pores would form a hexagonal network, with a regular cross-
section.159 In fact, a fairly random pore shape was observed in commercial membranes 
(Figure 3.2a). The cross-sectional view shows, though, that the pore diameter is nearly 
constant along the length of the membrane, with some branching occurring in the first 
few micrometers from each surface (Figure 3.2b). Therefore the somewhat irregular pore 
shape observed on the surface of the membrane can be attributed to branching and is 
limited to the surface. Most probably, this is a result of successive anodization processes 
used to produce the membrane in a commercial process.159 
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Figure 3.2 SEM micrograph of a) the surface and b) the cross-section of a commercial 
alumina membrane. 
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3.1.2 Engineered Alumina MembranesEquation Chapter 3 Section 1 
With the only pore size available for commercial membranes being 200 nm, renewed 
interest was placed in the synthesis method to produce alumina membranes, developed 
decades ago.159-161 Extensive studies over the formation mechanism of alumina from the 
electrochemical oxidation of aluminum have been conducted.162-171 The reaction between 
aluminum and water to form alumina and hydrogen is strongly favored energetically:171 
 2 2 32 3 3Al H O Al O H2+ = +  3.1 
The reaction continues until a thick layer of alumina is formed separating the metal 
from water and thus stopping the reaction (Figure 3.3 a).  
Thus, two new interfaces are formed, between the metal and the oxide, and the oxide 
and water. The reactions occurring at the two interfaces are:171    
 ( )2 2 32 3 6oxideAl O Al O e− −+ = +  3.2 
 
( )
( ) ( )
2
2
2 2
2
aq
aq oxide
H O H O
O O
+ −
− −
⎧ ⎫= +⎪ ⎪⎨ ⎬=⎪ ⎪⎩ ⎭
 3.3 
 
In the presence of an external electric field the transport rate of the two reacting ions 
is strongly enhanced and therefore the oxidation process continues throughout the 
thickness of the initial aluminum film or sheet (Figure 3.3 b). 
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Figure 3.3 Schematic representation of potential profile and charge distribution across 
an anodic oxide film of thickness δ on aluminum: (a) hypothetical situation in the 
absence of any current; (b) in the presence of an anodic current caused by corrosion or 
by an external source. MO, metal-oxide interface. OS, oxide-water interface. RE, 
reference electrode to which the potential of aluminum is referred. In both cases the two 
interfaces are formed, and electrical potential differences: ( ) ( )'00 0MO Alϕ ϕ ϕΔ = −  and ( ) ( )''0 0OS sϕ ϕ ϕΔ = − ., due to the transfer of an excess of aluminum ions and oxygen 
ions, respectively, across the two interfaces. In addition, ( ) '0R Al AlE ϕ ϕ= −  is the 
reversible potential with respect to the reference electrode (known from thermodynamic 
data). ( ) 'j Al jE Alϕ ϕ−=  is the cell voltage at a given current density j , which can be 
measured experimentally. The potential differences at the two interfaces because of the 
unknown potential difference S Mϕ ϕ− .171 
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In reality, the reaction is more complex than reaction 3.1. First, intermediate reaction 
products, such as hydrides, have been observed. In addition, although alumina is 
insoluble in water, partial dissolution of Al2O3 is well known to occur in the presence of 
acid or basic solutions, due to protonation of the oxide:171  
 
 ( )2 3 2 21 12 2Al O H O H Al OH
+++ + →  3.4 
 ( ) ( )2 22Al OH H Al OH H O+ ++ → ++  3.5 
 ( )2 3 2Al OH H Al H O+ + ++ → +  3.6 
 
and aluminate formation: 
 
 ( )2 3 2 31 32 2Al O H O Al OH+ →  3.7 
 ( ) 2 23 2Al OH OH AlO H O− −+ → +  3.8 
 
In this work, alumina membranes have been produced using both oxalic and sulfuric 
acids in variable concentrations. The detailed procedure is reported in Appendix B. The 
setup built to produce the membranes is shown in Figure 3.4, while a schematic of the 
sample holder is shown in Figure 3.5.  
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The production process is as follows: An electropolished aluminum foil serving as the 
anode is placed on a sample holder and sealed, leaving an exposed area of 13 mm in 
diameter, with a 5 mm thick stainless steel slab serving as the other electrode. The sample 
holder is immersed in a magnetically stirred acid solution in a double jacketed beaker, 
cooled down to the desired temperature (Figure 3.5). 
 
 
 
Figure 3.4 Anodic aluminum oxide membrane production setup: Al sheets are placed in 
a sample holder in a cooled acid solution with magnetic steering. A voltage is applied 
between the aluminum and a steel electrode to start the electrochemical oxidation of Al. 
Once a zero current is measured, the aluminum has been anodized throughout its 
thickness. 
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Figure 3.5 Schematic of the sample holder fabricated for the anodic aluminum oxide 
process. The aluminum sheet is fixed to the electrode using an O-ring and screws, in 
order to achieve good electrical contact between the aluminum and the electrode, and at 
the same time avoiding reaction of the electrode with the acid. 
 
Key process parameters are: 
 The applied voltage: There is a 1:1 relation between the applied voltage and the 
diameter of the pores. There is a lower limit at about 10 V, below which not enough 
current is produced between the aluminum foil and the steel slab for the oxidation to 
occur. There is also an upper limit to the system used in this work due to overheating of 
the solution and subsequent electrolysis of the acid at about 100 V. 
 The type and concentration of the acid:  
 Sulfuric acid has been used to produce the smallest pores, from < 10 nm to 
25-30 nm. For higher voltages, electrolysis of the acid solution occurs. Although 
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systematic studies over the relation between the process time and the thickness of 
the membrane have not been conducted as part of this work, it has been observed 
that membrane thicknesses of about 200 μm have been obtained in about 5-6 
hours for sulfuric acid.  
 Oxalic acid solutions have been used for potential differences in the range 40 -
100 V. The process is much slower compared to sulfuric acid and a 200 μm 
thickness is obtained in 15-18 hours. 
 The reaction temperature controlled using a cooling bath (Figure 3.4): Sulfuric 
acid solutions have to be cooled down to 5 °C, while oxalic solutions can withstand up to 
20 °C. Temperature can change dramatically the pore size distribution as well as the 
morphology of the resulting membrane.159 
 The reaction time is related to the final thickness of the membrane. Non 
systematic observations suggest a linear relation. 
After the electrochemical oxidation process, the rear part of the membrane is covered 
by the untreated aluminum, which was shielded from the acid by a rubber seal (Figure 
3.5). This is done by immersing the alumina-aluminum sample in copper chloride, CuCl2, 
solution producing copper, water vapor and Al3+ ions soluble in water: 
 ( ) ( )2 2 3 2l vAl CuCl H O AlCl Cu H O+ + → + +  3.9 
Final step consists in opening the pores at the end of the membrane that was covered 
by aluminum. This step is done by immersing the membrane is phosphoric acid, H2PO4, 
according to reactions 3.7. The reaction time must be monitored carefully since long 
exposure to the acid will also increase the size of the pores. 
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With careful control of the electro-oxidation parameters it has been possible to 
produce membranes with pores sizes from 10 nm to about 100nm (Figure 3.6). 
 
 
Figure 3.6 SEM micrographs of engineered membranes with pores size varying from a)  
~100 nm down to d)  ~10 nm. 
 
 
Narrow pore size distributions were obtained by image analysis of SEM micrographs 
and showed a good repeatability of the process over time (Figure 3.7). 
Unlike the commercial membranes, the engineered ones have cylindrical pores 
throughout the thickness of the membrane with no branching (Figure 3.8). 
 
 
 58
 
Figure 3.7 Pore size distributions for membranes prepared with (left) sulfuric and (right) 
oxalic acid. Different colors are for membranes from different batches. 
 
 
 
Figure 3.8 SEM micrograph of the fracture surface of membrane produced using sulfuric 
acid at 20V and showing cylindrical pores throughout the length of the membrane and no 
branching near the surface 
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3.1.3 Annealing of Alumina Membranes 
The alumina produced by electrochemical oxidation is amorphous.159 It is well known 
that alumina undergoes numerous phase transformations above 400 °C with large 
changes in volume (Figure 3.9).162, 172  
As a result, the alumina membranes tend to bend and roll-up when carbon is 
deposited by CVD, as will be described below. A comparison of the effect on CVD 
synthesis of a pristine membrane and one pre-treated at 700 °C is shown in (Figure 3.10).  
 
 
Figure 3.9 Bayer process hydrate heated (a) 1 hour in dry air, (b) 1 hour in steam, (c) 
fine particle hydrate heated 1 hour in dry air. A horizontal line at any temperature shows 
nature and relative amounts of phases present at 200 °C. 75% α-trihydrate and 25% α-
monohydrate are present in (a).172 
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Figure 3.10 Effect of membrane pre-annealing on the shape after CVD deposition: a) 
without any annealing; b) membrane pre-annealed at 700 °C. 
 
 
This problem can be solved with an annealing treatment in air at temperatures higher 
that that of CVD, with the membrane compressed between α-alumina weights. The 
heating must be very slow, down to 1 °C/minute, so that the thermal stresses can be 
successfully relieved. X-ray Diffraction (XRD) analysis has been performed on 
membranes annealed at temperatures up to 1200 °C, where complete conversion to α-
alumina was achieved (Figure 3.11).  
 
 
Figure 3.11 XRD spectra of (a) Sulfuric acid-produced and (b) Oxalic acid-produced 
membranes from 670 to 1200 °C, where full conversion to α-alumina is achieved. 
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No further phase transformations occur beyond this temperature.172 The structural 
integrity of the membranes upon annealing up to 1200 °C has been retained for the 
engineered membranes produced with sulfuric and oxalic acid only, while the 
commercial membranes tend to fracture at temperatures above 900 °C, probably due to a 
larger pore size and lower mechanical properties. Although annealing of the membranes 
has been performed previously,173 this is the first time that structural integrity of the 
whole membrane was retained, enabling further nanotube synthesis in their pores. 
The transformation to more crystalline forms of alumina presents also some 
drawbacks: First, the dissolution of the template becomes more difficult, due to a major 
resistance to both acidic and basic treatments. Second, in some cases the pores tend to 
polygonized. For relatively low annealing temperature (720 °C), this effect is minimal on 
the pore shape, retaining a circular cross-section (Figure 3.12a). For higher annealing 
temperatures, the polygonization of the pores becomes more and more evident, leading to 
a strong irregularity with the formation of triangular and hexagonal pores (Figure 3.12b). 
This latter effect has been observed only in some membrane batches and might be related 
to some different initial condition of the aluminum sheet or slightly variations in the 
voltage-current parameters in the anodizing bath. 
 
 
 62
 
Figure 3.12 SEM micrographs of engineered membranes (Oxalic acid, 40V, 15h) 
annealed at a) 720 °C and b) 1200 °C for 1 hour (heating rate 1 °C/minute). Grain 
boundaries forming a regular hexagonal network are clearly visible in a), with pores 
being only slightly polygonized. Sites indicated 1) and 2) in b) show triangular pores, 
while 3) and 4) refer to polygonal pores resulting from high temperature annealing. 
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3.2 Carbon Nanotube and Film Synthesis 
Carbon nanotubes are synthesized by non-catalytic CVD inside the pores of the 
membrane. Carbon films have been deposited on different substrates, such as glassy 
carbon, polished silicon, and quartz. The membranes, held perpendicularly to the gas 
flow via a quartz sample holder, and the substrates are placed into a quartz tube. The tube 
is placed in a furnace and connected to the gas source (Figure 3.13).  
 
 
C2H4 
Figure 3.13 Schematic of the CVD setup. The sulfuric acid trap is used to prevent 
moisture from flowing back into the quartz tube at high temperature. 174  
 
 
The heating and cooling occur under Argon. At 670 °C, the gas feed is switched to a 
mixture of 30/70 vol% ethylene/helium and kept for six hours.175 After cooling to room 
temperature, the membranes are removed from the quartz tube and treated to release the 
carbon nanotubes. 
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The overall reaction occurring during the CVD process is: 
 ( )2 6 22 3S gC H C H→ +  3.10 
In reality the reaction is far more complex and involves numerous intermediate 
reaction products, as well as final reaction by-products, in the form of soot. Although a 
detailed study of the CVD process involving ethylene has not been conducted, mass 
spectroscopy analysis of the decomposition of methane revealed the presence of 
acetylene, ethylene, and benzene, as well as polyaromatic hydrocarbons, in addition to 
the deposited pyrolitic carbon.176 The soot had a similar composition. The following 
simplified deposition sequence is probably taking place: methane → benzene → 
polyaromatic hydrocarbons→ carbon.176 A similar sequence is expected for ethylene 
pyrolysis. 
3.2.1 Nanotube Release from Template 
Numerous procedures to dissolve the alumina membranes have been suggested in 
literature, most involving hydrofluoric acid or sodium hydroxide, NaOH.25, 57, 177, 178 
In this study, crushed membranes have been immersed in a stirred, 1 M solution of NaOH 
and heated above 100 °C in refluxing conditions. Ultra-sonication can significantly speed 
up the dissolution process, albeit the resulting tubes are substantially shortened to few 
micrometers. For this reason, sonication has been avoided in this study. Reaction of 
NaOH and Al2O3 produces sodium aluminates, soluble in water, following reactions 3.7 
and 3.8. Therefore, once the solution has cooled down to room temperature, it has to be 
purified to remove the aluminates and the residual NaOH. A polymer membrane with 200 
nm pores placed on a fritted disk on top of an Erlenmeyer flask with vacuum suction is 
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used to collect the nanotubes. The purification is considered concluded once the pH, 
measured with litmus paper, becomes neutral.  
The nanotubes are typically stored dry or in ethanol, without enduring any significant 
alterations over a long period. Long term storage in spectroscopic grade acetone has 
proved to damage the structure of nanotubes, although the mechanism inducing the 
change (possibly some surface reactions) is not clear. 
For comparative analysis and contact angle measurements, CVD carbon films were 
deposited on planar substrates, including glassy carbon, quartz, and polished silicon 
wafer. The carbon films were subject to the same treatment as the nanotube-containing 
membranes, to ensure compatibility of the result, even if there is no alumina to remove. A 
milder treatment must be used for carbon films deposited on silicon, since NaOH can also 
attack the silicon and leads to the separation of the film from the substrate. 
3.2.2 Annealing of Carbon Nanotubes 
Carbon nanotubes placed in a glassy carbon holder with a glassy carbon lid have been 
annealed in vacuum (10-6 Torr) for two hours at the following temperatures: 900, 1200, 
1500, 1600, 1750, 1850 and 2000 °C, in a furnace using a graphitic heating element 
(Solar Atmosphere, PA). Carbon films deposited on glassy carbon substrates have been 
annealed in the same conditions as nanotubes. Glassy carbon was chosen as a substrate 
for annealing since it is inert to 2400 °C.179  
3.2.3 Measurement of Electrical Properties of CVD Nanotubes 
Conductivity measurements were performed on individual carbon nanotubes placed in 
position by a di-electrophoretic method180, 181 to bridge a 7 μm gap (lgap) between two 
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Au(100 nm)/NiCr(10 nm adhesion layer) electrodes evaporated on a 1 μm thick SiO2 
layer on a silicon wafer (Figure 3.14).  
The Au/NiCr electrodes were patterned by photolithography and wet etching process. 
The current (I) through the tube was measured at room temperature in air as a function of 
voltage (V) using a HP 4145B parameter analyzer. The electrical conductivity of the tube 
was estimated from the I-V curve. Prior to the measurements, the hysteresis and the 
contact resistance were removed by increasing the tube’s temperature. This was 
accomplished with Joule heating generated by passing relatively high currents (up to 
above 1 mA for annealed tubes) through the tubes for a few seconds. The I-V 
measurements were carried out after ensuring that the shape of the I-V curves was 
repeatable without a noticeable hysteresis.    
 
 
 
 
 
 
Figure 3.14 Schematics of the setup for electrical measurements: A nanotube is placed
by dielectrophoresis across two gold electrodes deposited onto a silicon substrate. 
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3.3 Nanoparticles 
Gold nanoparticles were prepared by mixing 20 ml of 1 mM solution of 
hydrochloroauric acid (hydrogen tetrachloroaurate) with 1 ml of 1% trisodium citrate 
(Na3C6H5O7*2H2O) at boiling temperature with vigorous stirring.182, 183 Particles had a 
diameter of 10-30 nm (Figure 3.15a).  
Iron oxide nanoparticles (Fe3O4, average diameter 10 nm, density 1070 kg/m3,  
Figure 3.15b) were delivered from an aqueous ferrofluid solution (EMG 508 from 
Ferrotec Corporation, 1.2%vol of particles in aqueous solution).6  
Silicon carbide (SiC) nanoparticles (MTI crystal), with an average diameter <30 nm 
where dispersed in ethanol by sonication (Figure 3.15d). The solution was not stable and 
particles precipitated after about 30 minutes.  
Nanodiamonds (UD 90, Nanoblox, Inc.) with crystal size of ~5 nm were dispersed in 
de-ionized water (Figure 3.15b). The nanodiamonds tend to form aggregates with 
diameters up to 300 nm, which can be partially disaggregated by sonication. 
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Figure 3.15 TEM micrograph of a) Au nanoparticle, b) nanodiamond (UD90), c) iron 
oxide (ferrofluid), and d) SiC (embedded in the wall of a carbon nanotube). 
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3.4 Liquids for Wetting Studies 
A large number of liquids with varying polarity, surface tension, dipole moment and 
viscosity have been chosen for wetting studies with the objective to reveal qualitative 
relations between the liquids’ properties and their wetting behavior on CVD carbon films 
(Table 3-1).  
 
Table 3-1 List of liquids and their properties used for contact angle measurements 
Liquid Polarity Surface Tension 
[mN/m]i 
Dipole moment 
[D] 
Viscosity 
[mPa*s] i 
Water 72 1.85 0.89 
Ethanol 21.97 1.69 1.074 
Ethylene glycol 47.99  16.1 
1,2-ethanediol (IPA) 23.28 1.68 1.945 
Glycerol 62.5 0.28 934 
Tetra-hydro furan 
polar 
26.4   
Cyclohexane 24.65  0.894 
PDMS-T01ii, iii 17.4   
Hexadecane 27.05  3.032 
FPMS-123ii, iv 
non-polar 
25.7   
i  values for surface tension and viscosity are all at 25 °C. 
ii values from Gelest, Inc. www.gelest.com  
iii polydimethylsiloxane 
iv poly (3,3,3-trifluoropropylsiloxane) 
3.5 Contact Angle Measurement Equipment 
A dedicated system was designed and built in order to perform contact angle 
measurements on CVD carbon film and membranes. The system comprises of macro lens 
optics with maximum magnification of 200x connected to a CCD camera and a sample 
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holder with adjustable height. The CCD camera requires illumination and hence a strong 
photographic light is flashed above the camera and reflected onto a polished silicon wafer 
placed behind the sample. This configuration avoids both shadows and direct illumination 
of the CCD sensor which could degrade its performances. Finally, the CCD camera is 
connected to a computer for image acquisition and processing (Figure 3.16). 
 
 
Figure 3.16 Contact angle measurement setup. Inset shows an optical image of a water 
droplet on a substrate. 
 
A typical experiment, based on the sessile drop method,102 is as follows: A 5 μl liquid 
droplet is delivered through the sessile drop method103 using a pipetter onto the carbon 
film and allowed to reach a stable configuration. Depending upon the viscosity and 
spreading of the liquid on the substrate, still images or movies are recorded. The former 
is for liquids forming relatively high contact angles, such as water or glycerol. The latter 
was used for liquids spreading completely on the surface or liquids with a high vapor 
pressure, such as ethanol or iso-propanol. Seven to ten images were recorded or extracted 
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from videos for each drop. Experiments have been repeated at least three times on 
different occasions for each liquid- substrate system, unless noted otherwise. 
Commercial software is available to analyze the droplet profiles. All are based on the 
analysis of the change in shades of gray in the pixels across the drop profile. From 
previous experience with one version, I have realized that although there is an increase in 
speed and automation of the measuring process, the accuracy of the measurements is 
comparable to manual measurements and strongly dependent on the parameters used to 
define the drop’s profile in terms of shades of gray.  Therefore, for this study a semi-
manual approach was used: Using image analysis software (Adobe Photoshop and  
Image J) the height and length of the droplet on the substrate was measured. Manual 
determination of these values certainly induces an error but, unlike the case of automated 
software where the error is always the same, a large number of measurement tends to 
minimize the error. The average values for height and length of the drop are then used to 
calculate the contact angle by simple trigonometry calculations (Figure 3.17): 
 ( ),l hθ θ=  3.11 
 ( )
2 2sin  
1 cos 2
l R h lR
h R h
θ
θ
=⎧ ⎫ +⎪ ⎪ ⇒ =⎨ ⎬= −⎪ ⎪⎩ ⎭
 3.12 
 2 2
2arcsin
2
hl
h l
πθ θ ⎛< ⇒ = ⎜ +⎝ ⎠
⎞⎟  3.13 
 2 2
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Figure 3.17 Schematic of the trigonometric relations between the contact angle, θ, the 
height, h, and length, l, of the drop on the substrate and the radius, R, of the sphere 
projected from the droplet: (left) θ < 90 deg, (right) θ > 90 deg. 
 
3.6 Materials Characterization Techniques 
Structural analysis of carbon materials was performed via Raman spectroscopy and 
transmission electron microscopy (TEM) analysis. X-ray diffraction (XRD) was used for 
alumina templates and nanoparticles. Fourier Transform Infra Red (FTIR) spectroscopy 
was used to characterize the surface chemistry of carbon nanotubes and films. SEM and 
TEM where used to characterize membranes, nanoparticles, nanotubes and films. The 
environmental SEM (ESEM) was used to perform high resolution studies of water-carbon 
interaction. 
3.6.1 Scanning Electron Microscopy 
Two advanced filed emission SEM were used in this study: The first one is an 
environmental SEM (ESEM), model XL 30, from FEI, inc. The nominal resolution in 
high vacuum is 3.5 nm. In addition to the standard high vacuum mode, this microscope 
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can operate also in variable pressure (or low vacuum) and “wet” modes. In the former, 
water vapor is introduced in the sample chamber to a partial pressure up to 2 Torr. Using 
a dedicated gaseous secondary electron detector and a special pressure limiting aperture 
at the pole piece of lens column, it is possible to image non-conductive samples such as 
glass, silicon and silicon oxide wafers or samples subject to beam heating such as 
polymers. There is a small loss of resolution due to the loss of coherence of the electron 
beam interacting with the lose water vapor molecules present in the sample chamber. 
In the “wet mode” configuration, the relative pressure of water vapor can be brought 
up to 20 Torr. Combining this feature with a heating-cooling stage, it is possible to 
condense water under the appropriate pressure – temperature conditions. Due to the 
increased water vapor pressure in the chamber and quality of the detector, a further loss 
in resolution is incurred. Nonetheless, resolution in the order of tens of nanometers can be 
achieved. 
The second SEM, a Supra VP50, from Zeiss, with a nominal resolution of 1.7 nm, has 
been used for higher resolution work. This microscope also features a low vacuum 
system based on a different mechanism than the XL30. Argon ions are flushed close to 
the sample to eliminate the surface charge buildup. Although this configuration yields a 
higher resolution than the XL30, it is somehow less effective and does not provide relief 
for samples subject to beam heating. This problem can be solved using a very low 
accelerating voltage, down to 0.1 kV. 
The XL30 is equipped with an energy dispersive spectroscopy (EDS) system from 
EDAX while the Zeiss Supra has EDS and wave dispersive spectroscopy (WDS) systems 
from Oxford. 
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3.6.2 Transmission Electron Microscopy 
TEM was performed using a JEOL 2010F filed emission microscope from Jeol, 
Japan, with a nominal resolution of 0.14 nm and 200 kV accelerating voltage, unless 
noted otherwise. The TEM is equipped with EDS to use in scanning TEM (STEM) mode 
for elemental analysis. TEM micrographs are recorded on a high resolution CCD camera 
using Digital Micrograph software. 
3.6.3 Raman Spectroscopy 
Raman spectroscopy was performed using a Renishaw 2000 micro-spectrometer from 
Renishaw, Inc. The spectrometer is equipped with three lasers with wavelengths of 514, 
633, and 788 nm. The green (514 nm) Ar-ion laser was used to characterize carbon 
nanotubes, unless noted otherwise. Typical scans are in the range 400-3600 cm-1, 10 
seconds, 3 to 5 acquisitions per point. For each carbon nanotube or film batch, 5 to 10 
spots and tubes were typically analyzed. A solution of carbon nanotubes dispersed in 
ethanol or de-ionized water was placed on a degreased silicon wafer and the solvent 
evaporated before starting measurements. 
3.6.4 FT-IR Spectroscopy 
FT-IR spectroscopic analysis was performed using a spectrometer equipped with a 
UMA 600 microscope (Excalibur series from Digilab). Pellets of dried potassium 
bromide (KBr) containing 0.1 to 1.0 mg of nanotubes have been analyzed in air. 
3.6.5 X-ray Diffraction Spectroscopy 
X-ray diffraction patterns were recorded using a Siemens D500 XRD with Cu Kα source. 
Details of the acquisition time and pace are provided in figure captions. 
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4 RESULTS AND DISCUSSION 
4.1 CVD Carbon Deposition and Characterization 
4.1.1 Carbon NanotubesEquation Chapter 4 Section 1 
Following their discovery, carbon nanotubes appeared to be the ideal system to study 
fluidics at the nanoscale, by-passing the complexity and size limitations of nano- or 
micro-fabricated systems. Despite these premises the actual use of carbon nanotubes for 
nanofluidic studies has been hindered due to the fact that nanotubes produced by the most 
common synthesis technique, catalytic CVD (cCVD), tend to be curly, with internal 
blockages and closed at one or both ends.27 In addition, due to the large variety of catalyst 
and processing conditions, which yield tubes with different surface structure and 
chemistry, comparison of experimental data is extremely difficult. 
In view of all these problems, a systematic study of the effects of CNT wall structure, 
chemistry and diameter has been the object of this research work. The first step consisted 
in developing a standardized process which would yield nanotubes with repeatable 
characteristics, specifically tailored for nanofluidics studies. These include straight walls, 
thin enough to be transparent to both low-energy electron beam and visible light, both 
ends open, and diameters spanning a wide range. 
To this end, a template-based non-catalytic CVD method was selected,25, 26 and 
modified for the specific requirements of this research work. Porous alumina membranes 
have been used as templates and ethylene as a carbon source (Section 3.1). Typically 
carbon deposition was performed for 6 hours at 670 °C. After CVD, the template was 
removed by chemical treatment leaving free-standing nanotubes. 
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With this method, the diameter and maximum length of the nanotubes is controlled by 
the pore diameter and membrane thickness, respectively. The length of the nanotubes can 
be reduced by ultra-sonication. 
The thickness of the nanotube wall can be controlled via the deposition time (Figure 
4.1).184 Although a systematic study on the effect of deposition time on the thickness of 
the carbon deposit was not performed, increasing the deposition time from 6 to 18 hours 
more than tripled the thickness of the tube walls, (Figure 4.2a and b, respectively). The 
deposition rate can also be increased by increasing the CVD temperature:179, 185 CVD 
synthesis for 6 hours at 780 °C, instead of the customary 670 °C, yielded a nanotube wall 
thickness of about 90 nm (Figure 4.2c), compared to about 10-15 nm. 
The majority of the nanotubes produced have a circular or quasi-circular cross-section 
(Figure 4.1). Carbon nanotubes with polygonal cross-section (Figure 4.2) have also been 
obtained using annealed alumina membranes (Section 3.1.3). Fluid filling studies in this 
research work have been performed only on nanotubes having circular cross-section. 
The resulting nanotubes fulfilled all the characteristics required for nanofluidic 
studies, being straight, long, and transparent to low-energy electron beam and visible 
light, flexible and open ended (Figure 4.3).  
The structure of the CVD nanotube wall reveals a so-called turbostratic graphite,179 
with the presence of small graphitic crystallites (2-3 nm in diameter) patched together to 
form the tube’s wall (Figure 4.4). The structure of the tubes’ wall will be discussed more 
in detail in Section 4.1.4. 
Nanotube branching, with formation of Y-junctions has also been produced on some 
occasions (Figure 4.5), depending on the template production conditions.186 
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Figure 4.1 SEM micrographs of carbon nanotubes produced by CVD for  a) 6, and b) 18 
hours at 670 °C; c) CNT produced by CVD for 6 hours at 780 °C. 
 
 
 
 
 
Figure 4.2 SEM micrographs of carbon nanotubes with polygonal cross-sections 
produced in commercial membranes annealed at temperatures up to 1200 °C.  
Annealing of the templates induces polygonization of the pores of the membrane. 
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Figure 4.3 SEM micrographs of CVD nanotubes: a) Carbon nanotubes after release from 
the membrane are straight, long and transparent to the electron beam. b) Fracture 
surface of an alumina template after CVD, prior to NaOH treatment: The nanotubes are 
also flexible and have open ends. 
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Figure 4.4 TEM micrograph of the wall of an as-produced (6h, 670 °C) nanotube after 
NaOH treatment, with typical thickness of 10-15 nm and a turbostratic graphitic 
structure. 
 
 
Figure 4.5 SEM micrograph of a Y-junction carbon nanotube produced by CVD (6h, 670 
°C) in a commercial alumina membrane, after NaOH treatment. 
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4.1.2 Carbon Films 
In order to understand the effect of the nanotube’s surface chemistry, structure and 
diameter on its interactions with liquids, quantitative information regarding these 
interactions is required. Although filling of nanotubes with liquids has already been 
performed,73, 77 no quantitative information could be obtained, due to structural resolution 
limits of both TEM and SEM used in these studies.  
A different approach was used in this research work: Capitalizing on the complete 
control of the carbon nanotubes synthesis process, carbon films were deposited on 
different substrates, using the same process parameters for CNTs (Section 3.2). The films 
were then used for macroscopic contact angle measurement, obtaining quantitative 
information on the effects of structure and surface chemistry of CVD carbon on its 
interaction with liquids. 
The films are mechanically strong and can be released from the substrate – in 
particular when using silicon as a substrate – to produce free standing carbon films 
(Figure 4.6a). The surface of the films is typical for pyrolitic carbon grown at ambient 
pressure, with the nucleation and successive growth of lamellae that merge and coalesce 
into the other (Figure 4.6b),179, 185 with a low roughness. A cross-section reveals that the 
film thickness is 50-100 nm, larger than the wall thickness of carbon nanotubes grown 
under the same conditions (Figure 4.6c and d). The difference can be explained with the 
lower accessibility of the gaseous species in the templates pores, which limits the final 
thickness of the nanotube wall. The curvature of the template pore could also play a role 
in reducing the overall thickness of the film.25, 26 
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Figure 4.6 SEM micrographs of CVD carbon films (6h, 670 °C), after treatment in NaOH: 
a) Top view of fragments of fractured carbon film on silicon substrate. b) Surface 
morphology of the film, revealing typical structure of pyrolitic carbon with a low 
roughness. c) Oblique cross-sectional view of the film, with a thickness of 50-100 nm. d) 
Top view of several fragments of carbon film, showing uniform thickness. 
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4.1.3 Chemistry and Structure of CVD Carbon Nanotubes and Films 
As a result of the same processing conditions, analysis of CVD carbon nanotubes and 
films reveals no difference in the structure and surface chemistry. 
Raman spectra of the thin carbon film deposited by CVD on a glassy carbon substrate 
(Figure 4.7, spectrum 2) or on a quartz slide (Figure 4.7, spectrum 4), of CNTs deposited 
in the membrane by CVD before NaOH treatment (Figure 4.7, spectrum 3), and of 
individual CNT after NaOH treatment (5) were almost identical and distinctly different 
from that of glassy carbon (GC) (Figure 4.7, spectrum 1).   
The band at 1582 cm-1 for GC and at 1600 cm-1 for the coating and CNTs resulted 
from in-plane vibrations of graphite (G-band). The peak around 1350 cm-1 is attributed to 
the disorder-induced band of carbon materials (D-band). Broad D- and G-bands suggest a 
disordered structure of CVD carbon in agreement with TEM micrographs.77 Second-
order bands at 2700 and 3230-3250 cm-1 were attributed, respectively, to 2D and 2D’ 
modes.187  The broad band at 2950 cm-1 could be attributed to a D+G combination 
mode187 or more likely to C-H stretching,188 consistent with FTIR results (Figure 4.8).  
Raman spectra for the film deposited by CVD on GC (Figure 4.7, spectrum 2) and on 
quartz (Figure 4.7, spectrum 4) are similar to the spectrum collected from individual CNT 
after NaOH treatment (Figure 4.7, spectrum 5). Therefore, the carbon films deposited by 
CVD on glassy carbon, quartz, and silicon have the same chemistry and structure as the 
carbon nanotubes obtained from the template and can provide information concerning the 
wetting properties of CNTs. 
The peak around 1600-1620 cm-1 in FT-IR spectra of the glassy carbon substrate 
(Figure 4.8, spectrum 1), the as-deposited film on GC (Figure 4.8, spectrum 2), and the 
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film after NaOH treatment (Figure 4.8, spectrum 3) is attributed to the C=C stretching in 
the hexagonal graphite and is in agreement with the G-band in the Raman spectra189 
(Figure 4.7). The peak around 3000-3100 cm-1 can be deconvoluted into two peaks at 
2950 cm-1 and 3090 cm-1, assigned to C=C-H and H-C-H stretch in aromatic structures,190 
respectively, although these peaks are generally narrower.189 Possibly, the broadness of 
this peak is due to the disordered structure of the CVD film as is often observed in aC-H 
films.179 This is also confirmed by the increase of the C-H : C=C peak ratio after CVD 
deposition on the glassy carbon substrate, which is in agreement with the well-known 
formation of C-H bonds as a result of CVD synthesis from hydrocarbon precursors.179   
The two shoulders at about 3350 cm-1 can be attributed to O-H stretching, although 
quantitative conclusions cannot be drawn due to the background noise from the water in 
the atmosphere. 
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Figure 4.7 Raman spectra of the carbon materials under study: 1) glassy carbon (GC) 
substrate; 2) as-deposited CVD carbon film on GC; 3) CNTs deposited in the membrane 
by CVD before NaOH treatment; 4) as-deposited CVD carbon film on a quartz slide; 5) 
CVD CNT after membrane dissolution in NaOH.158 
 
 
 
 
 
 
Figure 4.8 FTIR spectra of carbon films: 1) Glassy carbon; 2) as-deposited CVD film on 
glassy carbon; 3) CVD film on glassy carbon after NaOH treatment.158 
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4.1.4 Annealing 
Annealing of nanotubes and films was performed in vacuum (10-6 Torr) to investigate 
the effects of graphitization and removal of surface functionalities on their structure and 
properties. TEM micrographs of the walls of as-deposited nanotubes show a disordered 
structure typical of low temperature pyrolitic carbon deposited by CVD (Figure 4.9a). 
Little difference is seen in the wall structure of the CNT annealed at 900 and 1200 ºC 
(Figure 4.9b), while a partial ordering is visible at 1500 ºC (Figure 4.9c). Increasing 
ordering of the nanotube walls is seen at 1750 ºC and 1850 ºC (Figure 4.9d and e). 
Continuous and almost perfectly ordered graphitic walls were observed after annealing at 
2000 ºC (Figure 4.9f), with the measured interplanar spacing close to that of planar 
graphite (0.335 nm).179  
Further analysis of the graphitization process was conducted using Raman 
spectroscopy. The change of Raman spectra for carbon nanotubes (Figure 4.10a) and 
films (Figure 4.10b) as a function of annealing temperature has been investigated. The 
relative intensity of the D-band at about 1350 cm-1, compared to the G-band around 1580 
cm-1, decreases with increasing annealing temperature. The G-band narrows in width due 
to the ordering of the turbostratic carbon, creating a more and more graphitic structure.191 
The peak at 2450 cm-1 has been attributed to an overtone mode longitudinal optical (LO) 
phonons (2LO).192 The second order peak at 2700 cm-1 is assigned to 2D vibration, and 
its increase is related to the ordering of the graphitic structure.191 Finally a less distinct 
peak around 2930 cm-1 appearing with increasing annealing temperature is attributed to 
D+G vibrations.  
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Figure 4.9 TEM micrographs of the walls of a) as-produced nanotubes and those 
annealed at b) 1200 °C, c) 1500 °C, d) 1750 °C, e) 1850 °C and f) 2000 °C. The initial, 
disordered carbon structure is converted into more and more perfect graphitic structure 
with increasing annealing temperature. Scale bar is 5 nm. 193 
 
 
 
 
 
Figure 4.10 Raman spectra for (a) carbon nanotubes and (b) carbon films on glassy 
carbon. A more intense and narrow G-band and a decreasing D-band suggest formation 
of a more ordered graphitic structure with increasing annealing temperature. The 
appearance of a strong second order 2D peak is also indicative of graphitization.193 
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As a result of the graphitization process, the position of the G-band for tubes annealed 
at 2000 ºC approaches the theoretical value for planar graphite.  Similarly, the ratio of the 
intensities of the D- and G-bands, I(D)/I(G), changes from an initial value of 0.78 for as-
produced nanotubes to a maximum of 0.89 for CNT annealed at 1200 °C, and to a 
minimum of 0.27 for tubes annealed at 2000 ºC, with a slope change between 1500 and 
1750 °C annealing temperatures (Figure 4.11, hollow triangles for CNT and hollow 
diamonds for CVD-carbon films). This ratio can be used to determine the size of the 
graphite crystals.  
The in-plane size of graphite crystallites, La,191 was obtained from statistical image 
analysis of the TEM micrographs of the CNT walls (Figure 4.9) and from Raman 
spectroscopy using the Tuinstra-Koenig equation:194  
 ( )( )
( ) ( ), where 514.5 nm ~ 4.4 nm
a
I D C
C
I G L
λ= 195, 196 4.1 
The values measured by both techniques follow a similar behavior, though the large 
scatter in the Raman values (Figure 4.11, hollow circles) is attributed to the influence of 
surface terminations and defects,191 which have less influence on the TEM measurements 
(Figure 4.11, solid squares). As expected, in both cases, La increased exponentially with 
the annealing temperature in the range from 1200 to 2000 °C. The temperature 
dependence of grain growth is expected to obey an Arrhenius relationship. Fitting the 
data as an Arrhenius equation plus an initial term accounting for the as-produced sample 
(6h, 670 ºC),  
 0 exp ca
TL A A
T
⎛= + ∗ −⎜⎝ ⎠
⎞⎟ , 4.2 
leads to a good fit with the correlation factor of 0.995 (Figure 4.11, fit of solid squares).   
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Figure 4.11 In-plane crystallite size, La, and I(D)/I(G) ratio as a function of the annealing 
temperature: (○) La values obtained from Raman spectra of CNT using the Tuinstra-
Koenig equation; (■) La values obtained from statistical analysis of TEM micrographs of 
CNT. I(D)/I(G) ratio as a function of annealing temperature for CNT (∆) and CVD-carbon 
film (◊).193 
 
 
 
Figure 4.12 Arrhenius plot of the in-plane crystallite length (La) vs. 1/T showing a 
possible change in the graphitization mechanism between 1500 and 1750 °C. 
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However, plotting the data as an Arrhenius plot, ( )ln  . 1/aL vs T , has shown a change 
in the graphitization mechanism between 1500 and 1750 °C (Figure 4.12). FTIR data 
suggests a loss of graphite crystallites edge plane terminations at temperatures below 
1500 °C (Figure 4.13a).  
 
 
 
Figure 4.13 Schematic of the effect of high temperature annealing on the surface 
terminations of CVD carbon: a) As-produced CVD carbon (6h, 670 °C, NaOH treated) 
has a large number of small crystallites with high density of oxygen-based functionalities. 
b) Upon high temperature annealing the crystallites rearrange to form continuous 
graphitic layers, which reduces drastically the number of functionalities present on the 
CVD carbon surface. 
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Elimination of edge terminations, believed to be oxygen-based after NaOH 
treatment,197 allows merger of graphite basic structure units and increase in the in-plane 
crystallite size. Above a certain temperature, when no functionality is left in the carbon 
structure, grain boundary diffusion leads to further growth of the basic structure units of 
graphite, increasing La and leading to formation of ordered graphitic walls in carbon 
nanotubes Figure 4.13b. Bulk diffusion of carbon can probably be neglected, because the 
self-diffusion coefficient of carbon in graphite is very low at temperatures up to 2000 
°C.179 
4.1.5 Electrical Properties 
Figure 4.14 depicts the current I  (mA) as a function of the potential difference V  (V) of 
carbon nanotubes annealed at 900, 1200 and 1850 °C. The I-V curves exhibit nearly 
linear behavior over a broad range of voltages.  Nonlinearity in the I-V curves becomes 
noticeable at higher voltages near the tube’s breakdown, where the current drops abruptly 
to zero. The tube breakdown occurs, respectively, at the peak conductance,  
 breakpeak
break
I
V
σ =  4.3 
values of 7x10-5, 1x10-4 and 2x10-4 S for the 900, 1200 and 1850 °C tubes, respectively.   
The tube’s breakdown was most probably caused by ohmic heating and tube’s 
oxidization.198, 199 Witness of breakdown, power increased from about 0.7, to 3.5, to 7.8 
mW as the annealing temperature increased from 900, to 1200, to 1850 °C.  Since the 
heat transfer from the carbon tubes is dominated by heat dissipation to the ambient, the 
data indicates that the tubes annealed at higher temperature were able to withstand higher 
temperatures during current transmission without oxidizing. It is known that oxidation of 
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ordered carbon nanostructures occurs at higher temperatures compared to disordered 
carbon.200  
Figure 4.15 depicts the conductivity (S) of the carbon nanotubes as a function of the 
annealing temperature. The conductivity was estimated using the formula  
 gappeak
tube
l
A
σ = , 4.4 
where  is the cross-sectional area of a carbon tube with wall thickness of 20 nm and 
outer diameter of 300 nm.   
tubeA
The conductivity of the carbon nanotubes increased from about 1x104 S/m in the as-
produced tubes (670 °C) to 2x105 S/m after annealing at 2000 °C. Witness the rapid 
increase of the conductivity with the annealing temperature for relatively low annealing 
temperatures (<900 °C) due to elimination of functional groups, and the gradual, 
monotonic increase between 900 and 2000 °C, due to a gradual increase in the in-plane 
size of graphite (Figure 4.15).  
A similar behavior, observed previously upon annealing of amorphous carbons, was 
attributed to a strong reduction of the band gap.201 This result is in agreement with 
observations of a pronounced reduction of the tube transparence to white light when 
conducting nanofluidic experiments with as-produced and annealed tubes under a light 
microscope.53 
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Figure 4.14 Current-voltage measurement of a single CNT after annealing at 900, 1200 
and 1850 °C.193 
 
 
 
 
Figure 4.15 Conductivity measurement of a single CNT placed across two gold 
electrodes as a function of the annealing temperature.193 
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4.2 Wetting Experiments 
A systematic study of the contact angle of polar and non-polar liquids on CVD carbon 
films has been performed to understand the effect of surface chemistry and structure 
modification on CVD carbon wettability. The results solve the apparent contradiction that 
while graphite is hydrophobic, carbon nanotubes can be wet by liquids, and water in 
particular,77 as shown in (Figure 2.11). 
4.2.1 Measurement of the Contact Angle of Liquids on Carbon Films  
Contact angle data for all the investigated liquids (Section 3.4) on CVD carbon before 
and after NaOH treatment are summarized in  
Table 4-1. While contact angle measurements of liquids with a relatively low vapor 
pressure, such as water, glycerol and ethylene glycol, can be done in a very accurate way, 
as can be seen from shapes of water droplets in Figure 4.16, measurements of the contact 
angle of highly volatile liquids, such as ethanol, have a lower degree of accuracy.   
 
Table 4-1 The contact angle of various liquids on CVD carbon films 
Contact angleii [deg] 
Liquid Polarity 
Surface 
tensioni 
[mN/m] As- deposited After NaOH 
Water 72 79 44 
Ethanol 21.97 12 5 
EG 47.99 41 21 
IPA 23.28 8 ~0 
Glycerol 62.5 64 35 
THF 
polar 
26.4 12 ~0 
Cyclohexane 24.65 10 13 
PDMS-T01 17.4 9 11 
Hexadecane 27.05 12 13 
FPMS-123 
non-polar 
25.7 9 10 
iData for surface tension are at 25 ºC.40 Data for PDMS and FPMS are from Gelest Inc. 
iiContact angle values for all liquids have a standard deviation ± 2º, except ± 0.5º for FPMS and 
PDMS. 
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Figure 4.16 Optical images of water droplets on (a) as-deposited CVD film on glassy 
carbon and b) CVD film on glassy carbon after NaOH treatment. 
 
Plotting these data as the cosine of the contact angle cosθ  vs. the surface tension 
(Zisman plot) shows a linear relationship between cos(θ) and the surface tension for 
lower vapor pressure polar liquids (Figure 4.17) and all non-polar liquids (Figure 4.18), 
in agreement with Zisman et al.107  The data can be correlated in the form: 
 ( )cos 1 cθ β γ γ= − − , 4.5    
where cγ is the critical surface tension and β  is a correlation parameter.108 Zisman and 
co-workers extrapolated the data to ( )cos θ 1=  to obtain the critical surface tension.107 In 
the case of polar liquids, upon extrapolation to ( )cos 1θ = , an increase of critical surface 
tension was observed after the NaOH treatment (37 to 41 mN/m), indicating a more 
hydrophilic surface. In the case of the non-polar fluids, the NaOH treatment resulted in a 
slight increase in the contact angle.  
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Figure 4.17 Zisman-type plot depicting the variation of the contact angle on as-deposited 
CVD film on glassy carbon with NaOH treatment for polar liquids.158 
 
 
Figure 4.18 Zisman-type plot depicting the variation of the contact angle on as-deposited 
CVD film on glassy carbon with NaOH treatment for non-polar liquids.158 
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4.2.2 Effect of NaOH 
It is well known that carbon produced by CVD is hydrophobic, due to the presence of 
C-H terminations on the surface.113, 179, 185  Therefore, given the change in contact angle 
(Figure 4.17), it is reasonable to think that the treatment in NaOH changes the surface 
chemistry of the nanotubes inducing a transition from a hydrophobic to a hydrophilic 
behavior, with the formation of oxygen-containing groups (Figure 4.8 spectrum 3).113 
XPS analysis of nanotubes fabricated following the same procedure shows a strong 
peak for oxygen and none for sodium (Figure 4.19a). FT-IR analysis on the same sample 
also indicated the presence of two peaks at 1580 and 1680 cm-1, which are attributed to 
oxygen containing groups (Figure 4.19b).197 Contact angle measurements on carbon films 
treated with NaCl, using the same parameters of the NaOH treatment, yielded contact 
angles of 60-70° degrees, higher than 44°, obtained for NaOH. This result further 
confirms that the hydrophilic behavior is not due to the presence of Na+ ions interacting 
with the wetting liquid.  
It should be noted that after these results were published,158 a similar treatment with 
NaOH of carbon films produced by physical vapor deposition yielded the same result in 
terms of contact angle reduction.202 The authors, though, reported that successive washes 
in water brought back up the contact angle to its initial value, therefore suggesting that 
the increase in hydrophilicity observed with the NaOH treatment is not due to formation 
of covalent C-O bonds, but rather to the formation of salts on the surface of the films. 
This result is in contrast with FTIR and XPS results which show the presence of a C-O 
peak and absence of a Na one, respectively (Figure 4.19). In addition, the nanotubes and 
films used in this thesis have always been stored in ethanol, after the neutralization in de-
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ionized water, and yet retain their hydrophilicity for long time (Figure 2.11, ref.6, 53, 158, 
193, 203 and results shown in Section 4.4). In addition, the authors of this work neutralize 
the NaOH with an HCl solution, which effectively can produce salt (NaCl) on the surface 
of the carbon. Our process uses only de-ionized water to remove the products of the 
dissolution of the template. 
 
 
Figure 4.19 Chemical Analysis of CNT after NaOH treatment: a)XPS and b) FTIR 
spectra.197 
 
 
Table 4-2 The contact angle of water, glycerol, and FPMS on various surfaces  
Contact Angle* [deg] 
Surface 
Water Glycerin FPMS 
Glassy Carbon 76 59 9.0 
CVD film on glassy carbon 79 64 9.2 
CVD film on quartz 76 67 8.9 
CVD film on Si wafer 75 67 9.1 
CVD film on the membranei ~122 - - 
CVD film on the membrane correctedii ~72 - - 
* Contact angle values for water and glycerin have a standard deviation ± 2º. Data for FPMS has 
a standard deviation   ± 0.5º. 
I Carbon deposit on the alumina template by CVD prior to purification treatment in NaOH. 
ii Contact angle value for the carbon deposit on membrane walls calculated from the measured 
contact angle, 122º, using Cassie equation.32,41 
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4.2.3 Effect of Surface Morphology 
Contact angle measurements for water, glycerol, and FPMS, a fluorosilane, on as-
deposited films on different substrates, prior to NaOH treatment, confirm their 
hydrophobicity (Table 4-2). Although it is well known that surface roughness of the 
substrates affects the contact angle,107 the measured contact angle values were similar for 
all investigated surfaces except the alumina membrane. In particular, the contact angle 
measured for water is consistent with the value of 80.1 ± 3.6º estimated for MWNT 
attached to an AFM tip and immersed in water as reported by Barber et al.143   
In the case of the CVD carbon deposited on the porous alumina membrane (prior to 
the NaOH treatment), a much higher value of the contact angle was measured.  This high 
value is attributable to its porous and rough surface (Figure 3.2). Most likely, air was 
trapped in the pores beneath the drop, causing the drop to be partially cushioned by air 
and resulting in super-hydrophobic behavior.114, 115  For the CVD membrane-air system, 
the Cassie equation (2.17) can be expressed as: 
 cos cos cosC m m a aθ φ θ φ θ= + , 4.6 
where θc is the measured contact angle for the liquid drop on the porous surface 
(  for water), and~ 122cθ D  mφ  and a φ  are the fractional surface coverage of the carbon 
and air, respectively. Image analysis of the template subsequent to CVD deposition 
(Figure 3.2) indicated that the fractional surface coverage of the template walls (φm) was 
on the order of 35-40%, the rest being hollow cavities (φa). Water forms a contact angle 
of 180º with air (recall rain droplets) 180θ = D .115 Solving Equation , hence .6 yield a 4 s 
~ 72mθ D . Water is not dragged inside the nanotubes covering the pores of the membrane 
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because of the high contact angle, whereas it readily fills (along with other liquids) tubes 
treated with NaOH. The value of 72° for water is consistent with the values measured for 
water on carbon films deposited on smooth glassy carbon, quartz, and silicon (Table 4-2). 
Similar calculations for glycerin and FPMS could not be performed due to the intrinsic 
lim
ure 4.7). Apparently, the NaOH treatment causes only surface-layer 
modification. 
4
s’ theory (cfr. Equation 2.23).125 
Equation 2.25 can be rewritten in the following way:128 
 
itations of the Cassie-Baxter model.114.  
Contact angle measurements for water on glassy carbon and on the as-deposited CVD 
film prior to NaOH treatment showed no substantial difference, both values being slightly 
below 80º (Table 4-2). Literature data shows that glassy carbon produced at 2000 ºC is 
poorly wetted204 and minimally absorbs179 water.  The poor wetting of the CVD film with 
water is attributed to the C-H hydrophobic layer found by FTIR (Figure 4.8).  It is 
consistent with molecular dynamics studies that predict contact angles ranging from 83º 
to 102º for water on the basal plane of graphite when 10% of the top layer carbon atoms 
are covered with hydrogen.141, 205  Raman spectra studies indicate that the NaOH 
treatment does not cause noticeable changes in the carbon structure (compare curves 2 
and 5 in Fig
.2.4 Carbon Film Surface Tension Components from Wetting Experiments 
The contact angle measurements on carbon films can also be used to calculate the 
components of the surface tension according to Fowke
( )1 cos
2 d dL L
p
LV p dL
S S
γ θ γγ γ⎛ ⎞+ ⎜ ⎟= +  4.7 γ γ⎜ ⎟⎝ ⎠
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Thus, measuring the contact angle of at least two liquids of known properties allows 
to calculate the dispersion forces component, dSγ , and the polar/hydrogen bonding 
component, pSγ , of the substrate. Plotting equation  as 4.7 ( )1 cos
2 dL
LVγ θ
γ
+
 vs.
p
d
L
γ L
γ
⎛ ⎞
⎜ ⎟⎝ ⎠
polar and dispersion components of the substrate surface tension will correspond to the 
slope and intercept with the y-axis, r
⎜ ⎟ , the 
espectively ure 4.20
w 
treatment in NaOH does not alter the structure of the carbon, but changes substantially its 
surface chemistry, with 
 (Fig ). Contact angle values for 
water, ethylene glycol, glycerol, and PDMS, of which the dispersion and polar 
components are known, were used.110, 111, 121, 125, 128, 130, 206 The results sho that the 
d
Sγ  remaining substantially the same (5.69 and 5.72 2mJm  before 
and after NaOH, respectively) and pSγ  doubling (1.76 and 3.54 2mJm  before and after 
NaOH, respectively).  
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d p
Sγ SγFigure 4.20 Change of the surface structure, , and surface chemistry, , components 
surface tension of CVD carbon films (6h, 670 °C) as a result of the NaOH 
treatment. It should be noted that both curves have a common origin f
of the 
or 0x = , x being 
the
 
he contact angle for water has an initial strong decrease in the first 5 minutes to 
assume a quasi-constant value for up to 30 minutes of treatment. Further reduction of the 
contact angle, down to ~ 15°, was obtained treating the film with nitric acid, HNO3. 
SERS spectra only showed a decrease in the signal of C-H functional groups (Figure 
4.22). 
 abscissa. 
4.2.5 Oxidation Treatments of CVD Carbon Films 
In order to further increase the hydrophilicity of the CVD carbon films, oxidation 
treatments were performed. First, oxidation in air at 350 °C was performed for up to 30 
minutes (Figure 4.21).  
T
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MWNTs have also been treated with HNO3 to induce the formation of oxygen-
containing defects on the surface, for further functionalization steps.177 Typical 
treatments are performed in refluxing conditions (~ 100 °C) for many hours. Due to the 
turbostratic graphite nature of the CVD carbon, a milder treatment was chosen (6 hours at 
room temperature), to avoid the risk of completely dissolving the CVD carbon. It resulted 
in a contact angle of about 10°. 
 
 
Figure 4.21 Decrease of the contact angle of water on CVD carbon film (6h, 670 °C, no 
NaOH treatment), as a function of the oxidation time in air at 350 °C. Oxygen-terminated 
surface is produced by this treatment 
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Figure 4.22 SERS spectra of 1) as-produced nanotubes (6h, 670 °C) after NaOH 
air at 350 °C for 30 minutes, showing a decrease of the C-H signal. SERS 
4.2.6 Wetting Behavior of Annealed Carbon Films 
easurements for water and a 
non-polar liquid, FPMS, with extrem
peratures are reported in Figure 4.23
increased nearly linearly from 44±2º for as-produced, NaOH treated samples (synthesis 
temperature 670 °C) up to a value of 77±2º for samples annealed at 2000 ºC (Figure 4.23, 
solid squares). This value is close to that of hydrogen terminated CVD-carbon (76°).158 
The data was fitted with a straight line,  
 
treatment showing strong peak for C-H functional groups on the surface; 2) nanotubes 
oxidized in 
signal was recorded using a diode laser (785 nm wavelength) and gold colloidal solution. 
 
The effect of the transformation of annealed CVD carbon from turbostratic to ordered 
graphite on its wettability was analyzed. Contact angle m
ely low evaporation rate, on carbon films annealed 
at different tem . The contact angle for water 
31.00 0.02 ,  correlation factor 0.98T Rθ = + = , 4.8 
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where θ  is the contact angle and T  the temperature (°C). A contact angle in the range 
82-86º was calculated for 2600 2800T = − °C, where complete graphitization of CVD-
carbon occurs.207 This result is in agreement with the value of  about 80±4° calculated 
from AFM force measurements on carbon nanotubes dipped in water143 as well as with 
contact angle measurements of water on graphite.127, 151, 208  
In case of the fluorosilicone, contact angles showed a weak decrease 
( 11.187 0.001 ,  correlation factor 0.741T Rθ = − = ) from 10.9 0.5± ° for as-produced 
carbon to 8.9 0.5± ° for carbon annealed at 2000 °C (Figure 4.23, hollow circles). These 
hose we reported for other nonpolar liquids on CVD-
carbon.158 
A plot of contact angle data with L , showed an initial steep increase and subsequent 
steady value, with the slope change occurring between 1500 and 1750 °C – at about the 
same temperature at which the I(D)/I(G) ratio underwent a change of slope when plotted 
against the annealing temperature (Figure 4.11, hollow triangles). Hence, the initial steep 
change in contact angle is attributed mainly to surface chemistry changes, with the 
progressive elimination of C-H bonds starting around 1100-1200 °C (Figure 4.24).179 
Above 1500 °C, the water’s contact angle increase is attributed mainly to the progressive 
substitution of graphite edge sites with planar graphite planes (La increase in Figure 4.11, 
solid squares). The low contact angle for water on the as-produced surface (after NaOH 
treatment) is in good agreement with ESEM observations of low contact angle menisci 
inside both CVD-carbon nanotubes with diameters of  about 200 nm.209  
values are in agreement with t
a
 
 105
4.2.6.1 Hydrogen Annealing 
Hydrogen annealing of carbon films and nanotubes treated in NaOH was performed 
for 2 hours at 800 °C. Contact angle measurements showed that the water contact angle 
increased from 44±2° to about 84°. This is attributed to the reverse process involved in 
the hydrophilization with NaOH:  Oxygen-containing end groups on the surface of CVD 
carbon are substituted with C-H group, in analogy to what obtained for nanodiamonds 
under the same annealing conditions.210 It is well known that the hydrogenation of the 
surface increases its hydrophobicity.113 Unlike high temperature annealing in vacuum, no 
structural change of the carbon is obtained, but only a change in the surface chemistry, 
thus retaining the turbostratic structure of CVD carbon. 
 
 
 
 
 
 
 
 106
 
Figure 4.23 Contact angle vs. annealing temperature for water and fluorosilane (FMPS) 
on CVD carbon film treated in NaOH. 
 
 
 
Figure 4.24 SERS spectra of 1) as-produced nanotubes (6h, 670 °C) after NaOH 
annealed 2h at 2000 °C with no signal for surface functional groups. SERS signal was 
treatment showing strong peak for C-H functional groups on the surface; 2) Nanotubes 
recorded using a diode laser (785 nm wavelength) and gold colloidal solution. 
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4.2.7  Silanization of CVD Carbon 
 It has been shown that with chemical modifications of a surface alone the highest 
contact angle achievable for water is 120° on polytetrafluoroethylene, or Teflon©.113 
Higher contact angles can only be achieved by surface engineering with the formation of 
columnar or pillar-like structures.114, 117  
Fluorination of nanotubes prepared in alumina templates has also been performed, 
with the formation of carbon-fluorine end groups.211 Unfortunately this process involves 
fluorine gas, which is highly reactive and harmful. A similar problem is encountered 
when hydrophobization of glass or silicon is sought. In this case, an  
n-alkyltrichlorosilane, a linear chain hydrocarbon with hydrophobic methyl functional 
groups at one end and a SiCl3 group at the other has been used to provide hydrophobic 
properties to the glass surface.212, 213 The general reaction scheme is shown in Figure 
4.25, where hydrolysis of the silane –Cl end group is followed by the formation of a Si-
t .  
Given the presence of hydroxyl functional groups on the surface of the CVD carbon 
after the treatment in NaOH (Figure 4.8 and Figure 4.19), a similar process was 
attempted. To further increase the hydrophobicity of the resulting layer, two  
n-fluorotrichlorosilanes were used, with chemical formula CF3(CF2)n(CH2)2SiCl3, where 
n=5 or 7. The structure for the silane with n=7 is shown in Figure 4.26. The result is a 
contact angle for water up to 110° for CVD carbon treated with the silane with the 
longest chain. Both compounds are highly hygroscopic and, as a consequence, the 
O-Si bond between the substrate and the silicon atom in the hydrocarbon chain, in 
presence of wa er
stability of the contact angle can be maintained only for few minutes. 
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Figure 4.25 General reaction scheme proposed for the silanization of silica surfaces with 
silica surface.212 
 
n-alkyltrichlorosilanes. Note the presence of a thin adsorbed water layer over the "bare" 
 
Figure 4.26 Structure of CF3(CF2)7(CH2)2SiCl3, used for hydrophobization of CVD 
arbon. Cyan atoms are carbon, blue fluorine, white hyc drogen, yellow silicon and green 
chlorine. 
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4.2.8 Can Contact Angle Values Measured on Carbon Films be Applied to 
Carbon Nanotubes? 
Although the surface chemistry and structure of CVD carbon films and nanotubes 
coincide, a fundamental difference in the shape exists among the two, one being flat, the 
other curved. Therefore, it is reasonable to wonder whether the contact angle values 
measured on a flat carbon film can be applied directly to carbon nanotubes. 
The question can also be expressed by asking whether Young’s equation (Equation 
2.14) can be applied to the case of a liquid plug in a nanotube. As discussed previously, 
Young’s equation was devised for a two-dimensional (2D) system, where the well known 
balance between the interfacial tensions at the liquid-vapor-solid interface can be 
calculated along with the contact angle. This equation is commonly applied to three-
dimensional (3D) liquid droplets without further adjustments, measuring the contact 
angle on a 2D projection of the liquid droplet wetting a substrate (Figure 4.27a). In 
reality, Young’s equation should be corrected to account for the effect of the line tension 
that arises from the curvature of the contact line along the plane of the substrate 
(Equation 2.35). For macroscopic droplets, the effect of the line tension is negligible.109 
The impact of the curvature on the contact angle of water on CVD carbon film is 
shown below by calculating the change in contact angle for two droplets with a radius, 
R ,  of 100 and 10 nm, respectively, with the water line tension 1010 /J mτ −≈ : 
 1cos cos E
LV R
τθ θ γ= −  4.9 
 100 0.6R nm θ= → Δ = ±  4.10 
 10 6.0R nm θ= → Δ = ±  4.11 
 
 110
Although the contact angle variation is negligible for the larger droplet, the change 
becomes considerable for the smaller one. In order to address this issue, contact angles of 
several liquids have been measured in this work, thus providing a trend in the contact 
angle variation (Figure 4.17, Figure 4.18, and Figure 4.23), and not relying on a single 
contact angle value. In this way, the droplet’s small diameter may affect the absolute 
value of the contact angle of a particular liquid, but the overall behavior, for example the 
transition from hydrophobic to hydrophilic with NaOH treatment, will not be affected. 
From Equation 4.9 to 4.11 it could be extrapolated that for droplets with smaller diameter 
the change in contact angle could become even larger. It should be considered though 
The same concept of 2D projection can be applied to a 3D liquid plug in a nanotube, 
e force balance and the same formulation for Young’s Equation (Figure 
tension does not necessarily act on the plane 
of 
that the validity of Young’s equation or Equation 2.32 at such small scales is currently 
debated.3, 214 
leading to the sam
4.27b). In this configuration, though, the line 
the substrate,104 and cannot be simply added as a correction factor to Young’s 
Equation. Despite this difference, Young’s Equation can be applied to liquid plugs inside 
carbon nanotubes with diameters in the nanoscale, since Equation 4.11 shows that 
neglecting line tension effect does not alter significantly Young’s Equation for droplets as 
small as 20 nm in diameter. 
 
 
 111
 
Figure 4.27 Schematic of the force balance of interfacial tensions at the liquid-vapor-
solid interface for a) liquid droplet on a flat substrate, as in the case of a water droplet on 
a carbon film (6h, 670 °C, NaOH treated) and b) water meniscus in cylindrical nanoscale 
confinement, as in the case of aqueous-based fluid in a hydrothermal nanotube.73 
 
 
 
4.2.9 Wetting Experiments Summary 
In an attempt to understand the effect of surface chemistry and structure 
modifications of CVD carbon on its wettability, a set of techniques that give the 
possibility of modifying the contact angle of water on CVD carbon from complete 
wetting (~ 10-15°) to a hydrophobic state (~ 110°) has been developed (Figure 4.28). 
This broad spectrum illustrates that controlling the flow of liquids inside carbon 
nanotubes can be accomplished by controlling the wettability of the carbon walls. 
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Figure 4.28 Summary of wetting experiments for water on CVC carbon films with con
angles ranging from 15 to 110°. 
tact 
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4.3 Contact Angle Experiments with Carbon Nanotubes 
Once the effects of surface chemistry and structure modification of CVD carbon films 
on their wettability have been elucidated, contact angle measurements on and inside CVD 
carbon nanotubes have been performed to confirm the validity of the approach proposed 
in Section 4.2.8.  
Initially, the wetting of CVD carbon nanotubes by liquid hydrocarbons with freezing 
temperature above that of water was analyzed. CNTs were first dispersed in benzene 
(freezing temperature,  °C) and cyclohexane (5.5mT = 6.6mT =  °C). Subsequently a 
droplet of the dispersion was placed onto a Peltier cooling stage in the ESEM and the 
temperature was rapidly brought to 2 °C. As a result, the liquids froze around – and 
possibly inside the nanotubes, although the outer layer of frozen liquid did not allow 
.29b). In both cases, an attempt to calculate the contact angle could be made, but results 
pre
inspection of the CNTs internal cavity. The formation of a drop on a nanotube can be 
seen in the case of benzene (Figure 4.29a) or a wetting meniscus for cyclohexane (Figure 
4
sent a wide scatter due to the difficulty in seeing the underlying nanotube covered by 
the droplet and, therefore, measuring correctly the height and width of the droplet (see 
3.5 for details on the measurement parameters). In addition, the final droplet profile and 
contact angle will be affected by the freezing conditions. Nonetheless, a similar approach 
was used to analyze the wetting behavior of droplets of polypropylene and polyethylene 
glycol  on carbon nanotubes.145 
Another approach includes investigation of water plugs inside CVD carbon nanotubes 
formed by condensation of water from the vapor phase inside the ESEM, following 
previous results achieved with larger carbon nanotubes  - dubbed “nanopipes”.77 
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Figure 4.29 ESEM micrographs of hydrocarbons on CVD carbon nanotubes (6h, 670 °C, 
after NaOH treatment): a) Frozen benzene (C6H6) drop and b) Frozen cyclohexane 
(C6H12). Both hydrocarbons are placed in the ESEM chamber in the liquid phase along 
with the CNTs and then the temperature is lowered below their freezing point. 
 
Similarly to the previous case, a droplet of a suspension of CVD carbon nanotubes 
with diameters ranging from 50 to 80 nm in water was placed onto a steel plate on top of 
a cooling stage inside the ESEM. Under the right conditions (4.9 Torr, 1 °C), water 
condensation was always first observed on the outer surface or inside as-produced CVD 
tubes, never on the steel substrate, because the contact angle of water on CVD-carbon 
after NaOH treatment (44±2° on carbon films) is lower than on the steel sample holder 
(61±2°). Condensation occurs preferentially inside the tubes due to a high curvature of 
the inner interface of small-diameter tubes (Laplace pressure). The condensation occurs 
in steps, with first a water film forming around the walls of the smallest nanotubes 
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(Figure 4.30). It should be noted that the film appears first only on the side of the 
nanotubes, when observed from the top, as marked by arrow 2 in Figure 4.30. This is due 
to van der Waals attraction forces between the tube and the substrate which deform it and 
tend to flatten it. Proof of this is given by the fact that when the films on the two sides of 
the tube unite to form a plug, the diameter of the tube appears to be smaller (Figure 4.30-
1), because the surface tension brings the tube to a configuration of the minimum energy, 
which corresponds to a circular cross-section. Further condensation shows clearly the 
formation of water plugs with low contact angle menisci inside the nanotubes (Figure 
4.30-3 and 4).   
 
Figure 4.30 ESEM micrograph of carbon nanotubes (6h, 670 °C, NaOH treated) under 
temperature and pressure conditions where water condensation occurs (4.9 Torr, 1°C): 
1) Radial contraction of CNT due to surface tension, consequent to water condensing 
inside the tube. 2) Water film forming on the walls of the tubes, prior to the formation of a 
plug, as in 1). 3) and 4) Water menisci of a plug with a low contact angle. 
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A closer look at water plugs in nanotubes with diameters in the 50-60 nm range 
shows that the contact angle appears to be qualitatively in agreement with the contact 
angle values measured on carbon films (44±2°) prepared under the same conditions 
(Figure 4.31).  The deformation of the nanotube caused by surface tension along with the 
limits in resolution of the micrograph, though, limit the ability to obtain quantitative data 
from these kind of experiments. In addition, nonclassical effects are observed at this 
length scale, with the presence of liquid films which appear to be seamlessly joined to the 
liquid plug. If this was the case, defining a liquid-vapor-solid interface would be a highly 
ontact angle 61°) substrate (Figure 4.32-1) rather than inside the annealed CNT because 
f its lower contact angle compared to that of the annealed CNTs (71° for CVD carbon 
film under the same conditions, Figure 4.23). With a further increase in pressure, water 
droplets with a high contact angle also formed on the outer shell of the annealed nanotube 
(Figure 4.32-2), but water did not condense inside the nanotube, until water flooding 
covered all the sample and the holder. 
arbitrary exercise, further preventing a quantitative measurement of the contact angle.193 
When experiments were repeated with annealed CNTs (2 hours at 1750 °C) under the 
same conditions, as the pressure increased, water droplets condensed first on the steel 
(c
o
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Figure 4.31 ESEM micrograph of water plugs formed from vapor phase condensation 
average diameter of 50-60 nm. The plugs appear to form low contact angle menisci, with 
(4.9 Torr, 1°C) inside CVD carbon nanotubes (6h, 670 °C, NaOH treated) with an 
contact angle qualitatively in agreement with measurements performed on CVD carbon 
films prepared in the same conditions (44±2°). 1) Liquid film connected to the plug 
meniscus.193 
 
 
 
Figure 4.32 ESEM micrograph of a CVD nanotube (6h, 670 °C, NaOH treated), 
annealed at 1570 °C on a steel substrate with water under the same pressure and 
temperature conditions (4.9 Torr, 1°C) as in Figure 4.31: 1) Water droplets form on the 
steel substrate and 2) with a high contact angle on the outer surface of the nanotube. 
The tube’s inner channel is empty. 
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4.4 Filling Experiments 
4.4.1 Filling Nanotubes under the Optical Microscope 
Using the largest nanotubes produced in this study (200-250 nm in diameter using 
commercial alumina membranes as templates) with thin walls (15-20 nm), it was possible 
to monitor the filling process under an optical microscope. The CNTs filled readily with 
all the liquids for which contact angle measurements have been performed (Table 4-1), 
including non-polar liquids.  
Once the nanotube had been placed on a glass slide with a sputtered Au film, a micro-
pipette filled with the liquid (e.g. ethylene glycol) was placed in contact with one of the 
nanotube’s ends.  The liquid filled readily the nanotube by capillarity (Figure 4.33a). An 
air pocket formed during the filling, was trapped between the liquid inside the tube 
(Figure 4.33b).  Once the pipette was removed, fast evaporation of ethylene glycol from 
the tube was observed (Figure 4.33c, and Figure 4.33d).  
In a similar experiment with a non-polar liquid, cyclohexane originating from a 
pipette placed in the vicinity of a nanotube first spread on the gold substrate and then 
reached an empty nanotube (Figure 4.34a, with the liquid arriving from the lower left 
corner in the picture). Since the liquid reached the nanotube in successive waves, filling 
followed the same behavior, with the formation of liquid plugs separated by air pockets 
(Figure 4.34b to Figure 4.34i). Eventually, the tube was completely filled by cyclohexane 
Figure 4.34l). 
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Figure 4.33 Optical micrographs of the evaporation of ethylene glycol from a filled CVD-
CNT (6h, 670 °C, NaOH treated): a) the nanotube is filled by capillary action when a 
pipette filled with ethylene glycol is moved close to it. b) and c) Upon removal of the 
pipette, fast evaporation of the liquid from the CNT. d) All liquid has evaporated, leaving 
the carbon nanotube empty. (CNP diameter is ~200 nm as shown by SEM). 
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Fig
treated) on an Au-sputtered glass slide. The nanotube is ~ 200 nm in diameter. The 
from the upper lower side first. 
t is impossible to resolve details of the CNT with the 
hown in Figure 4.33 and Figure 4.34, the filling 
velocity could be calculated using the Washburn equation (Equation 2.8), in agreement 
with water filling the same tubes.53 Unfortunately these calculations cannot be considered 
reliable: in fact published results on water filling the same nanotubes used in this study 
ure 4.34 Sequence of cyclohexane (C6H12) filling a CVD-CNT (6h, 670 °C, NaOH 
liquid originating from a pipette spreads over the gold film and reached the nanotube 
 
 
The capillary filling of the CNTs is consistent with the low contact angles measured 
on the CVD carbon films (Table 4-1). Unfortunately, optical microscopy did not provide 
sufficient resolution to measure the diameter of the CNTs and the contact angles of 
liquids inside them. Although i
~ 200  nm diameter, it is nonetheless possible to see a difference in the contrast between 
the filled and empty tubes. 
Similar experiments have been conducted for hexadecane and water as well, with 
behavior similar to cyclohexane and ethylene glycol, respectively. It should be noted that 
from experiments similar to those s
 
 121
suggest a CNT with a diameter of  nm, which does not appear to be acceptable, 
since the membrane used to produ nanotubes has a pore size distribution of 
 nm (Figure 3.1) and in this research nanotubes so large have never been 
observed. This might be due the fact that if seeing a meniscus in a 200-250 nm nanotube 
under the optical microscope is no easy task (see Figure 4.33 and Figure 4.34), accurately 
measuring its advancement is even harder. Therefore, further quantitative measurements 
from this work have not been attempted.  
As stated previously, contact angle measurements on a flat surface yield contact 
angles values comparable to those in a nanocapillary or CNT.  This conclusion is 
supported by the fact that contact angles observed for water inside CNT with the 
environmental SEM  were very close, albeit only qualitatively, to the contact angle value 
for water on the CVD film treated with NaOH (44º). TEM micrographs showed no 
difference in structure between outer and inner surfaces of nanotubes. Finally, it should 
be noted the quantity of liquid used in the contact angle experiments was small enough to 
neglect gravitational effects.   
Evaporation of polar fluids such as water or ethylene glycol occurred very rapidly in 
comparison to hydrocarbons. Although cyclohexane is ~1000 times more volatile than 
ethylene glycol,  the former remained in the interior of the CNTs for a period of few 
hours, under atmospheric pressure. Ethylene glycol, on the other hand, evaporated rapidly 
after filling of the tube (Figure 4.33). 
~ 600
ce the 
200 20±
77
102
215
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4.4.2 Filling Nanotubes with Fluids in the ESEM 
While carbon nanotube imbibition of water and aqueous based fluid has been reported 
previously,53, 77 filling by complex fluids had not been demonstrated:203 Two model 
systems were studied: a liquid crystal and an ionic liquid. 
A droplet of a nanotube – liquid crystal (4-pentyl-4-cyanobiphenyl or “5CB”) 
solution was placed in the ESEM and washed with methanol to remove excess liquid 
crystal (LC). As a result, while much of the LC on the surface of the sample holder was 
washed away, some of the LC remained trapped within the CNTs and could be observed 
in the ESEM (Figure 4.35a). All of the methanol evaporated by the time the ESEM 
hamber achieved low pressure. In order to image liquids inside the 
at am 
y (Figure 4.35b).   
Raman spectroscopy was used to confirm the presence of LC inside CNTs and t
identify the nature of interaction between LC and CNTs. A droplet of the same LC-CNT 
tly, the 
xcess liquid crystals were removed by washing with me
two ends, as shown in the inset in Figure 4.35c, thus 
con
−1
−1
stretching in the ring structure of the 5CB, respectively.216 The peak at 1285 cm−1 is 
c CNTs, generally, a 
voltage of 10 kV or higher is necessary so th  the be can penetrate through the CNT 
walls. Liquid inclusions inside the CNTs tend to block the electron beam, causing these 
regions to appear lighter in color than the parts of the CNT that are empt
o 
suspension was placed on a polished silicon wafer and analyzed. Subsequen
e thanol, and a single nanotube, 
not surrounded by liquid crystals, was analyzed. A LC signal was observed only in the 
center of the nanotube and not at the 
firming SEM observations that LC remained only inside the nanotube after the 
ethanol wash. 5CB is characterized by a distinctive peak for C≡N stretching at 2226 cm  
and by peaks at 1180 and 1605 cm  corresponding to in-plane C–H bending and C=C 
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attributed to the stretching of the biphenyl link, and the broad band in the region of 2900–
3100 cm−1 corresponds to C–H vibration in the linear hydrocarbon chains of the 
molecule. The Raman spectrum of carbon nanotubes has been reported previously (page 
85). The spectrum collected from the suspension of carbon nanotubes in LC shows an 
overlapping of the spectra for the single phases. No additional Raman bands or changes 
in the CNT or LC peak positions have been observed. Thus, there is no chemical change 
in either material, implying that the primary interaction between the materials is physical. 
The solution can be modeled as a solute-solvent interaction considering the LC as the 
solvent and the CNTs as the solute. The interfacial energy is given by:129 
 ( )22LC CNT LC CNT LC CNT LC CNTγ γ γ γ γ γ γ− = + − = − , 4.12 
where  is the interfacial energy, and LCγ  and CNTγLC CNTγ −  are the surface energies for LC 
and CNTs, respectively. The surface tension for the CNTs, calculated previously  from 
Equation 4.5 and Figure 4.17, and that for the 5CB liquid crystal217 are: 
 2 230 40 ,  and 41LC CNT
mJ mJ
m m
γ γ= − = , 4.13 
respectively. Thus, the net interfacial energy can be calculated to be in the range: 
 20.006 0.857LC CNT
mJ
m
γ − = −  4.14 
These low values of interfacial energies explain the free flow of the LC within the CNTs 
and indicate complete wetting.  
Using the sessile drop method, complete wetting of LC droplets on CNP films was 
observed within 20 s (Figure 4.35d). For this experiment, a CVD carbon film (6h, 670°C, 
NaOH treated) was deposited on a polished silicon wafer and treated with NaOH. This 
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treatment ensures that the film is chemically and structurally identical to the wall 
structure of the CNPs used in this study. 
 
 
Figure 4.35 Carbon nanotubes (6h, 670 °C, NaOH treated) filled with liquid crystals: a) 
meniscus inside a CNT. c) Raman spectra of CNT filled with LC: spectra 1 and 3 are 
peaks indicated by arrows correspond to C≡N, benzene vibrations and stretching of the 
the LC only spectrum below the others. After being filled with LCs the tube has been
washed with methanol at 40 °C to remove excess LC. The Inset shows an optical image 
SEM micrograph of CNT bundle filled with 5CB liquid crystal; b) Low contact angle LC 
from the tube’s ends, empty; while 2 is from the center of the tube filled with LC. The 
biphenyl link vibrations of LC, and are superimposed to the CNT spectra, as shown from 
 
f actual CNT analyzed with a diameter of ~200 nm. d) Contact angle variation with time 
ed) on glassy carbon showing a complete 
wetting of the LC. 
o
on a CVD carbon film (6h, 670 °C, NaOH treat
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Filling or contact angle experiments, whether under the optical or electron 
microscope, are static measurements. Dynamic filling, following the Washburn equation, 
of large nanotubes has been attempted previously for water,53 using a micropipette as the 
liquid source. This approach could not be replicated in the ESEM, though. A solution to 
this problem is based on using a different setup, a nanotube connecting two liquid 
droplets of different size. Due to the size difference, a pressure difference (Laplace 
pressure) builds up between the droplets and liquid transfer is observed inside the 
nanotube from the smaller droplet to the larger one. This method has been successfully 
applied to large ( nm) nanotubes under the optical microscope.218 The same 
experiment was replicated under the electron microscope using smaller carbon nanotubes 
nm, 6h, 670°C, NaOH treated) and an ionic liquid or salt (1-ethyl-3-methyl-
imidazolium, C6H11BF4N2), which has a negligible vapor pressure (Figure 4.36a, where 
the dotted line shows the trace of the nanotube connecting the two drops). Although, the 
ionic liquid does not evaporate at room temperature, low vacuum mode (Section 3.6.1) 
had to be used to avoid contamination of the chamber resulting from heating of the liquid, 
ts could be observed (Figure 
4.36c). Unfortunately, a continuous liquid motion from the smaller droplet to the larger 
one was not observed nor was shrinkage of the droplet. Further optimization of this 
process could lead to real-time quantitative measurement of liquid flow at the nanoscale. 
 
~ 200
( ~ 80
limiting the achievable resolution. As a consequence, liquid observation in such small 
nanotubes could not be fully performed. Nonetheless, low contact angle menisci could be 
observed inside several nanotubes (Figure 4.36b) as well as liquid originating from the 
droplet moving in the nanotube connecting the two drople
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Figure 4.36 a) SEM micrograph of the setup to measure motion
ethyl-3-methyl-imidazolium, C6H11BF4N2) inside a CNT due 
 of an ionic liquid (1-
to Laplace pressure 
difference b
the
meniscus present in a different nanotube connected to the smallest droplet. c) High 
showing the liquid filling only the first part of the nanotube. 
etween two droplets of different size connected by the nanotube (the trace of 
 CNT connecting the droplets is shown in white). b) High resolution image of a liquid 
resolution image of the nanotube connecting the two droplets close to the smaller droplet 
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4.5 Multifunctional Nanotubes with Particles Embedded in their Walls 
Decoration of the walls of carbon nanotubes68 with functional groups7 and/or 
nanoparticles has been performed to add additional functionality to CNT. In the recent 
years, decoration of CNT has been used to increase the hydrogen storage capacity,219 to 
make nanotubes magnetic,220 or to grow secondary structures inside the nanotubes to 
 interior walls of 
sents 
an obstacle to development of functional micro- and nano-fluidic devices. It has been 
shown that fluid flow in nanochannels is laminar.41 As a result, fluid mixing in a narrow 
channel is very difficult. Complex micro-fluidic circuits have been designed to solve this 
problem, but all involve valves or some kind of actuation,222 which is very difficult to 
incorporate into nanotube-based nanofluidic devices.181 
increase the available surface for catalysis.221 Functionalization of the
carbon nanotubes, in particular those produced using a non-catalytic template-assisted 
chemical vapor deposition method (CVD), has been achieved using different methods, 
such as direct fluorination211 or nitric acid treatment,177 or filling with magnetic6 and 
fluorescent81 nanoparticles.  
Nanotubes with inner diameters from tens to hundreds of nanometers are promising 
candidates for cellular probes. These will require not only control over mechanical and 
electrical properties, but also added functionality that would enable their magnetic 
manipulation, which is safe for live cells and tissue. Incorporation of particles that 
produce Plasmon resonance and enable surface enhanced Raman spectroscopy study of 
cells with single-molecule sensitivity would be beneficial as well. 
Presence of particles inside nanotubes, assuming they do not block the tube channel 
completely, may be beneficial in nanofluidic devices. Fluid mixing currently repre
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A different approach is presented here, with the synthesis and applications of 
multifunctional nanotubes with controllable amounts of nanoparticles embedded in their 
walls during CVD synthesis process. Different kinds of nanoparticles have been used to 
add various functionalities to the resulting nanotubes by producing nanostructures within 
the walls or inside tube channels without altering the chemistry of the nanotube surfaces.  
4.5.1 Multifunctional Nanotube Synthesis and Characterization 
For each type of nanoparticles, the templates were immersed in 10 ml acidic 
solutions, with pH 5 for Au and pH 6 for Fe3O4 nanoparticles (Figure 4.37a). 
Subsequently, from 0.005 to 1.0 ml of concentrated nanoparticle colloid was added to 
(Figure 4.37b). After 24 hours, the templates were rinsed on filter paper to remove the 
excess solution, leaving the templates with a controlled amount of particles. CVD was 
performed at 670 °C for 6 hours using ethylene as a carbon source (Figure 4.37c).  
Upon removal of the template in boiling 1 M NaOH solution (3 hours in refluxing 
conditions), free-standing, open-ended, straight nanotubes with nanoparticles embedded 
in the walls were obtained (Figure 4.37d). The resulting nanotubes have a disordered 
carbon wall structure with average in-plane graphite crystallite size of 2.5 nm.77, 193 
 
each solution. In acidic environment, the alumina template will have a slightly positive 
charge, thus negatively charged nanoparticles will adhere electrostatically to the template 
158
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Figure 4.37 Schematics of synthesis of CVD-nanotubes with nanoparticles embedded in 
the walls: a) an empty membrane is b) filled with nanoparticles immersed in an acidic 
solution. c) Nanotubes are deposited inside the pores of the membrane through CVD. d) 
Free-standing CNTs with particles embedded in the walls are obtained after dissolution 
of the membrane.223 
 control the amount of particles embedded in the walls of the 
anotubes.  
 
 
 
 
Magnetic properties of the nanotubes filled with iron oxide particles were measured at 
room temperature using an alternating gradient magnetometer (Princeton Measurements 
Corporation). In the regions below - 2.5 KOe and above 2.5 KOe, data points were 
collected every 100 Oe; inside this interval, points were collected every 3 Oe to increase 
data accuracy in the hysteresis region.  
UV-vis absorption spectra of membranes, immersed in solutions with increasing Au 
nanoparticle concentration, show an increase of the peak for gold at 525 nm (Figure 
4.38). Thus, it is possible to
n
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Figure 4.38 UV-Vis spectra of alumina membranes after immersion in acid solutions (pH 
~5) with increasing concentration of Au nanoparticles, from bottom up 0.025 to 0.5 ml. 
The inset shows the actual membranes with a diameter of 13 mm.223 
 
rized by the presence of hillocks or pumps with a high density, uniform 
distribution of particles (
77, 193
 
 
SEM micrographs of fractured nanotubes show an external smooth shell and an internal 
wall characte
Figure 4.39, 0.25 ml of Au np solution). These “bumps” can 
only be due to the presence of the nanoparticles, because the average in-plane graphite 
crystallite size of 2.5 nm  is too small to account for surface roughness in the order of 
tens of nanometers. The external wall, which replicates the pore surface, appears smooth 
at the magnification used in Figure 4.39. A cross-sectional image of a similar nanotube
showed an internal rough surface, due to the presence of the Au particles covered by 
carbon (Figure 4.39, inset). 
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Figure 4.39 SEM micrograph of a fractured nanotube (prepared with 0.25 ml of Au 
nanoparticle solution) showing an external, smooth shell with a high, uniform density of 
nanoparticles in the inside cavity. The nanoparticles appear to be covered by a layer of 
carbon. The inset on the lower left corner shows a cross-section of the nanotube with an 
interior wall. 
irregular interior wall structure due to the presence of the nanoparticles embedded in the 
 
TEM analysis indeed confirms this hypothesis, showing, for example, a FeC-based 
nanoparticle completely surrounded by carbon (Figure 4.40a). A higher resolution TEM 
image further confirms that the particle is embedded in the wall and does not sit on the 
tube surface by showing carbon grown around a gold particle, with both the carbon and 
the crystal lattice of the metal particle being in focus at the same time (Figure 4.40b).  
Annealing for 2 hours at 2000 °C in vacuum (10-6 Torr), caused the CVD CNT nanotube 
to graphitize, forming an ordered graphitic MWNT.193 This process causes the 
evaporation of the metallic particles, while the carbon structure covering the nanoparticle 
is retained (Figure 4.40c). This further confirms that the particles are embedded in the 
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walls of the tube. Interestingly, the thickness of this curved carbon covering the exposed 
portion of the particle is approximately the same as of the nanotube wall. 
When the higher concentrations of particle colloid are used, agglomerates may form, 
which are not completely embedded in the walls but protrude inside the hollow cavity of 
the tube (as in Figure 4.39). The exposed surface is covered by CVD carbon, with the 
formation of hillocks, with sizes comparable to the bore of the nanotube (Figure 4.40d). 
These structures occupy a considerable part of the hollow cavity of nanotubes, making 
this configuration very similar to a macroscopic static mixer used to modify flow 
dynamics and to mix or separate incoming fluids.224 Such static mixing would be very 
important at the nanoscale, where use of moving components is extremely difficult.  
Silicon carbide particles were embedded in the walls of CVD-nanotubes (Figure 
4.40e). Subsequently, the nanotubes were annealed for 2 hours up to 2000 °C in vacuum 
(10-6 Torr).193 This treatment is known to cause graphitization of CVD CNT and 
formation of ordered graphitic MWNT.193 As a result, the particles converted to hollow 
carbon onions or polygonal carbon particles interpenetrated inside the walls of the tubes. 
A high resolution TEM image shows the graphitic rings forming the onion (Figure 4.40f). 
The onions appear to be slightly polygonized. Similar results were obtained by 
embedding smaller nanodiamonds with particle size 4-5 nm. In this case, the particles 
were smaller and sometimes difficult to distinguish inside the carbon tube walls. 
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Figure 4.40 (previous page) TEM micrographs of particles embedded in CNT walls: (a) 
Fe and (b) Au nanoparticles; inset in a) shows EDS spectrum from the particle 
embedded in the wall, with peaks for carbon and iron only. (c) Empty cavity after 
evaporation of Au particle during annealing; (d) Hillock grown around an aggregate of 
SiC particles inside the cavity of a CVD-CNT. e) SiC nanoparticle and f) hollow carbon 
onion resulting from annealing of CNT embedded with SiC nanoparticles. 
 
 
In the case of ferrofluid, when the highest concentration was used not all 
nanoparticles were completely embedded in the walls of the CVD tubes. These 
nanoparticles acted as catalyst for the growth of small (20-30 nm in diameter) MWNTs 
(Figure 4.41), similarly to what previously reported for nickel nanoparticles.221 
WNTs grown in their cavity showed 
that particles small enough to be embedded into carbon either in the walls (Figure 4.40d) 
or giving rise to the growth of secondary MWNTs (Figure 4.41 and Figure 4.42c) give 
EDS spectrum showing only carbon and iron (Figure 4.42a). On the other hand, larger 
particle agglomerates (Figure 4.42d), from which no nanotube growth is observed, show 
oxygen peak in the EDS spectrum (Figure 4.42e). The distribution of iron containing 
particles in the CVD-nanotube can be seen in a scanning TEM (STEM) image (Figure 
4.42b). 
 
 
Elemental analysis of CVD nanotubes with M
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Figure 4.41 TEM micrograph of MWNTs grown form iron catalyst particles resulting from 
the reduction of iron oxide during CVD synthesis. 
 
 
 
Figure 4.42 Elemental analysis of catalyst particles inside CVD-nanotubes: a) EDS 
STEM image of a CVD-nanotube filled with MWNTs grown from Fe3O4-reduced iron 
larger iron oxide particle aggregate not catalyzing the growth of a secondary MWNT. e) 
EDS spectrum of the particle aggregate highlighted in (d) showing peaks of iron and 
oxygen. Scale bar is 50 n
 
spectrum of an iron particle from which growth of a secondary MWNT originated. b) 
particles. c) TEM image of the iron particle originating MWNT growth. d) TEM image of a 
m. 
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4.5.2 Growth Mechanism 
TEM and SEM results both show that the nanoparticles are lifted from the template 
pore walls, and embedded in carbon deposited on the template during the CVD process. 
This appears to be counterintuitive because the particles were located on the template 
pore walls due to electrostatic attraction. However, our results are in agreement with 
those regarding the embedding of nickel oxide particles in the walls of nanotubes during 
corona discharge CVD.225 The authors suggested that the detachment of the particles is 
due to the formation of nickel carbides with the subsequent diffusion of carbon in the 
carbide similar to the catalyst tip-growth mechanism of nanotubes.225 Although this might 
be possible in the case of iron oxide, our results for gold nanoparticles cannot be 
explained by that mechanism. In addition, if the tip-growth was to occur, morphology 
On the other hand, it is well known that graphite crystallites during CVD deposit with 
l to the substrate.185 Furthermore, upon graphitization, CVD 
nan
ltaneous formation of an 
equ
similar to that in Figure 4.43a should have been observed: a faster growth where the 
carbide particle is located and slower growth in areas between particles due to a 
concentration gradient of the diffusing carbon.  
the basal plane paralle
otubes prepared in the same way as in this work but without particles, transformed in 
MWNTs with concentric walls.193 Therefore, we suggest that carbon starts to deposit on 
the uncovered alumina template pore wall, further expanding along the pore wall (Figure 
4.43b). Once the carbon growing along the pore wall reaches a particle, it begins to lift it 
off from the substrate. The process continues, with the simu
ally thick layer of carbon on the nanoparticles that are still exposed in the cavity of 
the tubes (Figure 4.40c). 
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Figure 4.43 Growth mechanisms for CNTs with particle embedded in the walls: a) tip-
growth mechanism, with particles lifted from the membrane pore wall due to the 
formation of metal carbide particle and further dissolution of carbon in the carbide with 
subsequent lift of the particle. b) Carbon first deposits on the alumina and forms a 
continuous layer due to faster growth kinetic in the planar direct
layers lift the particles and then trap them inside the tube walls.223
ion; eventually, carbon 
 
 
ing 1mM of glycine, with pH 4,8 was placed on top of the CNTs 
on the Si wafer. Since CVD nanotubes are hydrophilic,158 and can be filled with water,77 
it is reasonable to assume that glycine solution filled the tube.  
 Raman spectra of CVD carbon nanotubes with and without Au nanoparticles (Figure 
4.44, curves 3 and 1, respectively) show no significant difference. The addition of CNTs 
4.5.3 Applications 
A droplet of CNT suspension in ethanol was placed on a clean silicon wafer 
(sonicated in acetone for 10 minutes) and allowed to dry. Subsequently, a drop of an 
aqueous solution contain
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without Au particles to the glycine solution yielded no enhancement (Figure 4.44, curve 
2), while signal enhancement was achieved only with nanotubes with gold particles 
embedded in the walls in glycine solution. Four additional peaks appeared at about 820, 
880, 1085, and 1452 cm-1 (Figure 4.44, curve 4). Because the concentration of glycine in 
the solution is too low to be observed by conventional Raman technique,8 glycine outside 
the nanotube cannot yield any signal. Therefore, SERS signal for glycine can only be 
coming from glycine molecules close to the Au nanoparticles, which are mainly inside 
the nanotube (Figure 4.39). Also, the thin layer of carbon covering the particles might be 
damping the signal, thus partially explaining the moderate glycin nsity. 
layer between the gold and the glycine. This result encourages the development of 
nanotube-based SERS probes for detection of extremely small amounts of biological and 
chemical components dispersed in liquids,226 or cellular research. 
Fragments of membranes filled with magnetic particles before and after CVD 
treatment were placed in a magnetometer to measure average magnetic properties.  
Typical volume magnetization curves for the membranes before and after CVD show a 
paramagnetic and a ferromagnetic behavior, respectively (1.0 ml ferrofluid solution in 10 
ml H2O, Figure 4.45).   
 
e signal inte
Comparison of these results to SERS of glycine in an Au colloid solution shows an 
upshift of about 5-10 cm-1 of the glycine peaks, possibly due the presence of the carbon 
 
 139
 
Figure 4.44 Raman spectra of 1) as-produced CNTs; 2) as-produced CNTs with glycine; 
3) CNTs with Au particles embedded in the walls; and 4) CNTs with Au particles 
embedded in the walls with glycine. The inset shows an optical image of the actual CNT 
(diameter ~200 nm) from which spectrum 4 was recorded on a Si surface. The empty 
circle represents the spot size of the Raman laser.  
 
223
 
Figure 4.45 Typical magnetization curves of a fragment of alumina membrane before 
 
and after CVD containing carbon nanotubes with iron-containing particles embedded in 
the walls.223 
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The value of th
steresis) to 
e volume saturation magnetization after CVD is about 3 times smaller 
than before CVD and the behavior has changed from paramagnetic (no hy
ferromagnetic (with hysteresis). X-ray diffraction patterns show the presence of iron 
carbide (Fe3C) after CVD and no peaks for Fe3O4 (Figure 4.46).227   
It is well known that iron carbide can be produced by hydrogen reduction of iron oxide to 
metallic iron and subsequent partial carburization, with a metallic iron residue.228 Hence, 
the reduction in saturation magnetization can be attributed to the replacement of some 
iron oxide by iron carbide, which has saturation magnetization 3-orders of magnitude 
smaller than iron and 2-orders of magnitude smaller than Fe3O4.215, 227 The ferromagnetic 
behavior is attributed to the residual metallic iron whose presence, although not visible in 
the XRD pattern, is also confirmed by the fact that MWNTs grow from iron-containing 
catalyst particles inside the CVD nanotubes (Figure 4.41). Finally, EDS analysis of 
nanoparticles from which MWNTs originate shows peaks for carbon and iron alone 
(Figure 4.42).  
The magnetic moment per nanotube can be calculated as:6 
 
2
4
dm M
A
π
ρ= , 4.15  
where M  is the volume magnetization, 200 nmd =  is the average diameter of CVD 
nanotubes, 0.35ρ =  is the surface area fraction of the membrane occupied by nanotubes 
determined by image analysis of SEM of the memb
arison of the m
), with a m
ncentration of
rane surface,158 and A is the area of 
the me ent analyzed. Comp agnetic moments per tube before 
Figure 4.47 agnetic moment per tube of 
r the highest initial co  ferrofluid. Dividing this value by 
the magnetic moment of the iron oxide particles declared by the vendor, 
mbrane fragm
and after CVD is reported (
2 Am  fo1610−1.06∗
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20 24.48 10  Am−∗
to be ~ 2000
The highest average m
order of ma
with the same m
manipulated by m
magnetic tubes prepa
CNT is em
interfering with f
e manipulated through m
ma
can repr
synthesized in this work, m
not allow direct ch
nanotubes with m
manufacturing nanotube-
, one can estimate the number of particles embedded in each nanotube, 
. This number is consistent with SEM observations of the tubes.  
agnetic moment per tube achieved in the present work is only one-
gnitude smaller than the value obtained with 300 nm CVD nanotubes filled 
agnetic particles after the CVD synthesis.6 Those tubes have been 
eans of an external magnetic field, and we suggest that also the 
red in this work could be manipulated in a similar way.  
One key advantage, however, of the tubes prepared for this study is that the cavity of the 
pty, as is not always the case with tubes whose cavity is filled by magnetic 
ut 
luid flow inside the CNTs. These magnetically active tubes could also 
agnetic assembly in micro- and nano-devices,6 or loaded with 
drugs, driven to a specific location inside a cell or used for biosensing.229 Magnetic 
nipulation of nanotubes with magnetic nanoparticles bonded to the outer structure of 
nanotubes has already been suggested,220 although it is known that metallic nanoparticles 
esent a health threat in a biological environment.230 In the magnetic nanotubes 
etal particles are always covered by a carbon layer which does 
emical reaction or loss of particles in the environment.  Carbon 
agnetic particles embedded in their walls have found application in 
tipped cellular probes.231 
particles. This could allow CNT alignment in presence of a magnetic field witho
b
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t
Figure 4.46 XRD patterns for the ferrofluid particles prior to CVD (lower curve) and for 
urve).223 
 
 
he CNTs with the iron/iron carbide particles embedded in their walls (upper c
 
 
Figure 4.47 Magnetic moment per CNT before and after CVD synthesis as a function of 
magnetic moment is due to the 
 with an iron core and an iron 
carbide shell.223 
the initial ferrofluid concentration. The reduction in the 
conversion of the iron oxide in a core-shell structure
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5 CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 
Engineered alumina membranes have been used as templates for controlled growth 
of carbon nanotubes with properties tailored for nanofluidic applications. These 
nanotubes enable investigation of CNT interactions with liquids. This knowledge has 
then been used as a means to control the flow of liquids through the nanotubes. 
his allows production of 
carbon nanotubes with controlled diameters for nanofluidic applications.  
nabled manufacturing of tubes with geometry and properties tailored. 
This technology overcomes the limitation faced by traditional cCVD for nanofluidic 
5.1 Conclusions 
 Anodic alumina template growth has been performed to produce pore diameters in the 
range 10-100 nm with membrane thickness up to 200 μm. T
 
 Annealing of templates at temperatures up to 1200 °C leads to complete 
transformation to α-alumina, while their structural integrity is retained. With this 
treatment, carbon CVD can be performed at temperatures above the phase 
transformation temperature of alumina opening avenues for additional control of the 
carbon wall structure and producing more ordered tubes. 
 
 Optimization of a non-catalytic, template-based CVD method for carbon nanotubes 
production e
applications. These carbon tubes have the following features: 
• Outer diameters ranging from 10 to 200 nm  
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• Straight walls, 5-20 nm wall thickness, transparent to light and low-energy 
electron beam 
• Open ends 
alue approaching that of 
graphite for CNTs annealed at 2000 °C (2x105 S/m). The increase in electrical 
ture, carbon diffusion leading to structural 
  the effect of surface chemistry and structure of carbon 
• Lengths from 5 to 200 μm 
 
 The walls of as-deposited CVD nanotubes are made of turbostratic graphite, with 
average graphite crystallite size of 2-3 nm, rich in functional groups. Annealing at 
temperatures up to 2000 °C transforms it to highly ordered graphite, resulting in 
multi-wall nanotubes with a low defect density in the walls.  
  
 The electrical conductivity of the nanotubes can be tailored by annealing, from low 
conductivity (1x104 S/m for the as-produced tubes) to a v
conductivity is the result of two concurring effects: up to about 1200 °C, the increase 
in conductivity is due primary to the elimination of functional groups on the surface 
of the CVD carbon. Above this tempera
modification of the carbon is responsible for the increase in conductivity, with 
increase of graphitic crystallite size and, therefore, of the basal planes compared to 
edge plains. 
 
Quantitative measurements of
on its interaction with liquids have been performed using CVD carbon coatings as a 
model system for the nanotubes. Contact angle experiments on thin CVD carbon 
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films, which have the same chemistry and structure as CVD carbon nanotubes, 
provide quantitative information on the wettability of CNT walls.  
Sodium hydroxide treatment, that was used to release the nanotubes from the alumina 
template, has a significant influence on the surface chemistry of CVD carbon, leading 
to a decrease in the contact angle for polar liquids (from 79° to 44° for water). It has 
been shown that this effect is the result of the substitution of functional groups (-C-H) 
resulting from the CVD process with 
 
 
oxygen-containing functional groups on the 
Oxidation in air and/or treatment in nitric acid make the surface completely 
g groups in the case of air oxidation; mainly carboxylic groups after 
tact angle 
of 80° – 90°) for water, with linear variation of the contact angle in the range 
surface of CVD carbon, making it more hydrophilic. The decrease in wettability of 
CVD carbon by non-polar liquids was less noticeable. 
• This result also explains prior observations that showed that nanotubes could 
imbibe water, even though graphite is hydrophobic.  
 
 The relation between the surface structure and chemistry of CVD-carbon nanotubes 
and films and their wettability has been investigated. It is now possible to control the 
wettability of carbon surfaces as follows: 
• 
hydrophilic (contact angle ~15° or less), due to the formation of a high density 
of oxygen-containing functional groups (a mixture of various oxygen-
containin
nitric acid oxidation). 
• Graphitization or H2 annealing make the surface hydrophobic (con
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40° - 80°. In the case of high temperature – high vacuum treatment, the 
increase in contact angle occurs due to the same processes that led to the 
of graphite after annealing at 2000°C. 
For hydrogen annealing, only surface chemistry is modified, with substitution 
surface to 110°. A long 
ne 
 
ntact angle measurements on CVD 
00 nm diameters using 
increase in conductivity.  First, the elimination of functional groups at lower 
annealing temperatures and, subsequently, the increase in La size of graphite 
with the contact angle approaching that 
of hydrophilic, oxygen-containing functional group with C-H hydrophobic 
end groups. 
• Surface silanization increases the contact angle of the 
chain fluorosilane was used, with SiCl3 termination at one end, which appears 
to form a Si-O-C bond in presence of water on the carbon surface and fluori
atoms on the other end to increase the hydrophobicity. 
 
With the relation between CVD carbon structure and chemistry and its wettability 
now elucidated, controlled filling of the internal cavities of CNTs by liquids has been 
achieved. These results are in agreement with co
films.  
• Direct observation of water plugs forming a low contact angle has been 
observed for the first time in nanotubes with less than 1
ESEM. 
• Water does not condense in annealed nanotubes, thus providing a method to 
selectively fill or not fill nanotubes depending on the contact angle. 
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• Filling of large nanotubes by both polar and non-polar liquids has been 
demonstrated under the optical microscope. 
• Wetting and filling of nanotubes with diameters less than 100 nm by liquid 
crystals and ionic salts, has been shown for the first time under the electron 
microscope.  
  
 Nanoparticles of different size and composition have been embedded in the nanotube 
walls during the nanotube growth. This adds multifunctionality to carbon nanotubes 
without altering the chemistry and structure of their surfaces.  
• SERS of glycine inside CNTs at a concentration too low for standard Raman 
probing has been demonstrated using CNTs with Au particles in the walls.  
• Magnetic behavior of the nanotubes with iron and iron oxide particles 
embedded in the walls has been shown. The magnetic moment per nanotube is 
sufficient to manipulate the nanotubes using an external field. At the same 
time, the internal cavity of the nanotube is open for liquid flow, unlike in 
nanotubes filled with magnetic particles. 
• CNT with hillocks in the internal cavity of the tube with typical dimension 
comparable to the bore of the tube have been produced. They may find 
applications in nanoscale fluid mixing and separation. 
• This technology represents a substantial advancement compared to traditional 
nanotubes functionalization or decoration techniques, retaining the 
functionalities given by the particles and the possibility for fluids to flow 
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through the nanotube internal channel, but avoiding any potential contact 
5.2 Future Research 
 Investigate the effect of nanotube wall structure and chemistry on liquid flow through 
nanotube-containing templates. Several steps must be performed prior to achieving 
this objective: After CVD deposition, carbon must be removed from the surface of the 
template, eliminating a possible obstacle to liquid flow. Treatment of the nanotubes 
with NaOH must be performed in a way that preserves the structural integrity of the 
membrane. Annealing of the nanotubes still embedded in the membrane can only be 
performed in membranes that have been annealed to form α-alumina before CNT 
synthesis. In any case, since α-alumina melts at about 2050 °C and will react with 
carbon at lower temperatures, the highest annealing temperature used in this work for 
loose nanotubes (2000°C) cannot be replicated for nanotubes in the template. 
Preliminary studies are currently being performed using alumina membranes without 
nanotubes to observe the effect of channel diameter on fluid flow (see Appendix B). 
 
 Development of alumina templates with sub 10 nm pores could lead to the formation 
of nanotubes with turbostratic graphite walls but with a diameter close to that of 
graphitic single-wall nanotubes. In addition, it would allow investigation of fluid flow 
down to the scale where molecular interactions become significant.   
between the particles and the surrounding environment.   
• Nanotubes with magnetic nanoparticles embedded in their walls have found 
application in manufacturing nanotube-tipped cellular probes. 
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 Increase the magnetic moment of the nanotubes with particles embedded in their 
lls using a magnetic material which does not form carbide during CVD. Nickel 
would be a good choice, since it has a saturation magnetization one order of 
magnitude higher than iron oxide (
wa
5~ 4.9 10∗ compared to  A/m) used in 
oxide, can be toxic. This problem could be offset by the fact that the particles are 
4~ 8.5 10∗
this study and does not form carbides. Nickel nanoparticles, though, unlike iron 
embedded in the walls of the tubes.  
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APPENDIX A: LIST OF SYMBOLS AND ABBREVIATIONS 
 SG  Specific surface free energy
Gσ  Specific surface excess free energy 
r pore radius 
R Tube diameter 
t Time 
v Velocity 
J Volumetric flux 
L Pore length 
La Graphite crystallite size 
p Pressure 
 Interfacial surface tension between phases A and B ABγ
*
dγ  Dispersion component of the surface tension of * 
*
pγ  Polar/Hydrogen bond component of the surface tension of * 
 Tortuosity τ
ε  Porosity 
σΓ  Adsorption or, equivalently, surface excess  
θ  Contact angle 
Eθ  Thermodynamic contact angle according to Young’s Equation 
λ  Slip length (Also wavelength in Equation 4.1) 
μ  Viscosity (Also chemical potential in Equation 2.16) 
*φ  Surface fraction of phase
 
 
 
 
 
 * 
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CNT Carbon nanotube 
cCVD Catalytic CVD 
GC
SE nc
SWNT Single-wall nanotubes 
CVD Chemical vapor deposition 
 Glassy carbon 
MWNT Multi-wall nanotubes 
RS Surface enha ed Raman spectroscopy 
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APPENDIX B: FLUID FLOW THROUGH MEMBRANES 
h 
 
ghout the length of the setup. The pressure gauge (XP603, Omega Inc.) has 
 range of 0-100 psi (0-0.68 MPa) and accuracy of 0.4% of the full range (0.4 psi). Two 
Swagelok® valves are used to purge the system from air prior to actual measurements. 
The membrane is glued to a 2 inch (5.08 cm) in length and quarter inch in diameter 
borosilicate glass tube using Superglue, ensuring that the glue does not penetrate the 
membrane pores in the area wet by the liquid. The liquid coming out from the membrane 
is collected in a glass vial and its mass variation with time is measured using a balance 
accurate to the milligram (Figure 0.2). 
Dividing the measured mass by the density of the liquid used, the variation of liquid 
volume passing through the membrane is obtained. Dividing the obtained volume by the 
area of the membrane wet by the liquid (coinciding with the inner area of the quarter-inch 
tube used) and calculating the slope of the curve yields the volumetric flux:232 
 
Membrane Fluid Flow Measurements Equation Chapter 2 Section 1 
A dedicated system was designed and built to study the flow of liquids throug
membranes (Figure 0.1): A syringe pump (AL1000, WPI Inc.) provides a constant flow, 
Q , to the system using a 20 mL polyethylene syringe filled with fresh DI water. The 
setup is built using quarter inch tubing and Swagelok® connections to ensure a constant 
diameter throu
a
2
8
r PJ
L
ε
τμ
Δ= , B.1 
where ε  is the porosity of the membrane and τ  the pore tortuosity ( equal to 1 for 
cylindrical pores). The porosity is given by the total pore area divided by the membrane 
area: 
 
  
174
 
2r
n
i 2
1
2
i nr
π∑
2R R
ε π
== = , B.2 
assuming that all pores have the same radius . n r R  is the radius of the membrane and 
 
section 
coincides with the internal radius of the quarter inch glass tube glued to the membrane. 
Equation B.1 is known as Darcy law for liquid flow through membranes, but is just 
another form of the Haagen-Poiseuille equation (2.2). The pore radius, r , must be 
measured for each membrane using SEM and image analysis software, as reported in
3.1.2. 
 
 
Figure 0.1 Membrane fluid flow setup: A constant flow is provided by the syringe pump. 
psi, with accuracy of 0.4% of the full scale. The velocity of the fluid passing the 
air trapped in the fluid conducts 
 
Pressure before the membrane is measured using a pressure gauge in the range 1-100 
membrane is measured using a balance. Valves for air purging ensure that there is no 
 172
The velocity in a single pore is obtained dividing the volumetric flux by the porosity: 
 pore
Jv ε=  B.3 
formally identical to 2.2. 
This experimental value can be compared to the velocity calculated using the Hagen-
oiseuille equation, using the pressure measured by the pressure gauge and assuming 
atmospheric pressure at the other end of the membrane.  Deviations between the two 
values can be interpreted using the concept of the slip length (Equation 2.7). 
The design of the setup produces two sets of systematic errors that must be taken in 
account for accurate measurements. The first is due to the pressure drop created by the 
distance, , between the pressure gauge sensor and the membrane. This can be modeled 
as: 
 
P
h
hp ghρ= , B.4 
where ρ  is the liquid density, and g is gravity acceleration. Calculations show that the 
incidence of this pressure drop on the pΔ term used in Equation 2.2 is in the order of 
ly but forms a 
~ 0.1% . 
Second, the liquid emerging from the membrane does not fall immediate
drop on the membrane due to competing effects of gravity and surface tension: 
 2 LVweight rπ γ= , B.5 
where r is the radius of the pore. In the case of a membrane, though, a drop is likely to be 
formed by liquid coming from several pores due to the vicinity  the pores and the 
hydrophilicity of the alumina, which facilitates the spreading of the liquid on its surface. 
of
More complex equations have been developed to account for this and other 
 
 173
anomalities.103 For the current setup, though, the only consequence is that a hold-up time 
must be con idered when calcus lating pore velocity from mass vs. time measurements. It 
should be noted, finally, that this setup could also be used to measure the surface tension 
of liquids wetting the pores. 
 
 
 
Figure 0.2 Schematic of the membrane fluid flow setup: the syringe pump provides a 
constant flow, Q. The pressure, P, before the membrane of thickness L is measured by 
the pressure gauge. 
 
Fluid Flow Studies through Alumina Membranes: Effect of Diameter 
Quantitative measurements of the fluid flow of water inside nanoscale pores will be 
performed using the templates as membranes, with different pore size distributions. A 
typical measurement will the following: First, the volumetric flux, , of the glass tube, 
without the membrane will measured. Then, the volumetric flux, , of the glass tube 
with the membrane glued to it will be measured. The pore velocity will be calculated in 
0J
mJ
 
 174
both cases using Equation B.3. Finally, these two values will be compared to evaluate the 
slip length, λ  (Equation 2.7) .  
 
 175
APPENDIX C: SOLUTION OF FUNDAMENTAL EQUATIONS IN FLUID MECHANICS 
EQUATION CHAPTER  3
uation with no-slip condition: 
he momentum balance in cylindrical coordinates for
is: 
 
 SECTION 1 
Solution of the Haagen-Poiseuille eq
T  the system described in Figure 2.3 
( ) ( ) ( ) ( ) ( )
0
2 2 2 2 2rz rz zz zzr r r z z LrL rL r r r rL gπ τ π τ π τ π τ π ρ+Δ = =− + Δ − Δ + Δ 0=  C.1 
Dividing Equation C.1 by  and taking the limit as rΔ2 L rπ Δ  goes to zero, one obtains: 
 
( ) ( )
0
0
lim
rz rz zz zz
⎛⎜ z z Lr r r
r
r r
g r
r L
τ τ φ φ ρ= =+Δ
Δ →
⎞− ⎛ ⎞−⎟ = +⎜ ⎟⎜ ⎟⎜ ⎟Δ ⎝ ⎠⎝ ⎠
 C.2 
and  
 ( )00zz zz Lz z L p pφ φ= =− = −  C.3 
 
The expression on the left si ivative, hence: 
 
de is the definition of the first der
( ) ( ) ( )0 0L Lrz P Pd r r rdr L Lτ
⎛ ⎞= =⎜ ⎟0p g p gLρ ρ⎛ ⎞− − − −⎜ ⎟
Integration yields the momentum flux distribution 
⎝ ⎠⎝ ⎠
 C.4 
0 1
2
L
rz
P P Cr
L r
τ −⎛ ⎞= +⎜ ⎟⎝ ⎠   
with the first boundary condition being:  
inite    
C.5 
B.C.1: ( )0rτ = = f  1 0C⇒ =
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Newton’s law of viscosity is: 
 zrz
dvτ μ= −  
dr
C.6 
C.5  yields: Substitution in Equation 
0
2
Lz P Pdv r
dr Lμ
⎛ ⎞−= −⎜ ⎟⎝ ⎠  C.7 
and integration gives: 
20
24
L
z
P Pv r
Lμ
⎛ ⎞− C= − +⎜ ⎟⎝ ⎠  C.8 
with the second boundary condition being 
B.C.2: ( ) ( ) 2020 4 Lz
P P R
v r R C
Lμ
⎛ ⎞−= = ⇒ = ⎜ ⎟⎜ ⎟⎝ ⎠
 
Solving for  and substitution in yields for the zero wall slip condition: 
 
 
2C
( ) 220 1
4
L
z
P P R rv
L Rμ
⎡ ⎤− ⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
  C.9 
 
The average velocity will be the total volumetric flow divided by the cross-sectional area: 
 
2
2
0 0
2
0 0
8
R
z
RHP
v rdrd PRv
Lrdrd
π
π
θ
μθ
Δ= =∫ ∫∫ ∫   C.10 
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Solution of the Haagen-Poiseuille equation with slip condition: 
In this case the second boundary condition is the following: 
( ) zz
R
v r R
r
λ= = − ∂  B.C. 2:  
v∂
here  w
2
4
zv P r
r L
δ
δ μ
Δ= −   
nd  
C.11 
a
2
22 4 4
P PR R C
L L
λ μ μ
Δ Δ− = − +   C.12 
 
Solving for  and substitution in yields for the non-zero wall slip condition gives: 
 
2C
22 21
4z
PR rv
L R R
λ
μ
⎡ ⎤Δ ⎛ ⎞= − − +⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
  C.13 
 
The average velocity will be the total volumetric flow divided by the cross-sectional area: 
2
0 0 0
2 2
0 0
2
3
2 0 0
4 4
2
2
2
2
2 21
4 4
2 42
4 4 4 4
R R
z z
R
R R
v rdrd v rdr
v
Rrdrd
P PRr dr rdr
R L L R
P R P R
R L L R
π
πλ
θ π
θ π
λ
μ μ
λ
μ μ
= = ⇔
⎡ ⎤Δ Δ ⎛ ⎞− + +⎢ ⎜⎝ ⎠⎣ ⎦
⎡ ⎤Δ Δ ⎛ ⎞− + + ⇔⎢ ⎜ ⎟⎥⎝ ⎠⎣ ⎦
∫ ∫ ∫
∫ ∫
∫ ∫ ⇔⎟ ⎥  C.14 
yielding 
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2 41
8
PRv 
L Rλ
λ
μ ⎜⎝ ⎠
Δ ⎛ ⎞= + ⎟  C.15 
B
 
y comparing equations C.10 and C.16 one obtains Equation 2.7: 
 
41
HP
v R
v λλ ⎛ ⎞= +   C.16 
 
⎜ ⎟⎝ ⎠
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